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PREFACE

Tuf: DEVELOPMENT of extracorporeal airculation has been the
product of work m many laboratories both in this country and
abroad Tracing back to the pioncering work in this imaginatine
and difficult field it has followed the course so characteristic of
many sclentific and surgical advances After many vears of slow
growth groping for solutions to important practical problems
extracorporenl crrculition has suddenls blossomed into n tech
nique now widely used to bring relicf to patients suffering from
heart disease 1t is not difficult to foresee that techmques of this
tvpe may be used for the support of acute and chronic circula
tory ilness and s ancillany methods m other surgical problems
such as cancer surgery and organ transplantation

A sizeable fraction of this deselopment has been supported
through appropnations voted by the Congress and allotted to the
United States Public Health Servico for expenditure through the
Natonal Institutes of Iealth The research 1s most clearly on
ented towards the treatment of heart disease and for this reason
most of these fimds hay e flow ed through the National Heart Insti
tute The National Advisory Ileart Council, as the semor policy
making group of the National Heart Institute has mamtuned o
consistent and enthusiastic mterest in the development of extra
corporeal circuletion. In the early spring of 1957 1t was therr sug
geston that o conference be held to discuss dovelopments in thus
field.

Recommendations for research grants m this field have come
through the Surgery Study Section of the National Institutes of
Iealth because much of the research n this field was underway
m departments of surgery and the practical application of extra
corporeal circulation would be largely in the hands of surgeons
It was therefore appropriate that the Surgery Study Section be
designated to arrange this conference This group of surgeons
its regular meetings has made recommendatons concerning a
large numbcr of proposals pertaming to ths field

i



All Extracorpoieal C irculation

It was owm1 mtent to hold a conference big enough to mclude
those many mdividuals who have made contiibutions 1 this field
It was our desne that all ndividuals be mvited who weile work-
mg m thus field with the suppoit of the United States Public
Health Seivice At the same time, 1t was cleaily to the advantage
of the gioup to limit the size of the meeting m oider to achieve
the fiecedom of discussion that was deemed essential to 1its suc-
cess Also, 1t was ow specific puipose after the meeting to diaw
up a brief statement as to futuwie developments and lines of mnves-
tigation which should be suppoited and fostered, and to publish
the proceedings

Accordmgly the plans of the meetmg weie diawn together A
site was selected at the Edgewater Beach Hotel m Chicago The
progiam was diawn up and the meeting was convened on Sep-
tembe1 20, 1957, at noon

This book bings together the foimal papers and the mfoimal
discussion presented at that meeting It was thought to be 1m-
poitant to prepaie this book with maximum speed Foi thisieason
theie has not been the usual opportunity for the authois to 1eview
then galley proofs Manuscripts, illustiations and discussions have
been piepaied, printed and prooficad m page foom We aie m-
debted to all the authois and discussers for making possible this
short-cut which puts the book mto the hands of the 1eader much
sooner than otherwise would have been possible None had the
opportunity to 1ead proof on discussions For this 1eason, enois
may be present that otheiwise would be avoided, but 1t 1s hoped
that early production of these Pioceedings will compensate for
the enois that have escaped detection

An 1mportant aspect of the appioach to this problem has been
om complete fieedom of scientific endeavor This has expressed
itself both m the wide geographical distiibution of woikers and m
the vaied nature of the biological appioaches bemg used Any
soit of standardization of equipment or of reseaich design would

therefore be most unfortunate On the other hand, an immedate
outgiowth of the meeting was the 1eahization of a need for com-
mon modes of measuement, a common termmology and common
pomts of reference for the development of apparatus and tech-
nique m extracorporeal arculation For this reason, a committee



Preface lif

was appointed with Dr T'rnk Gerbodo as Chairman to Inesti
gate the codification of expressions methods of comparison terms
of measurement and standards of performance It is with pleasure
and with gratitude to this commuttee that we are able to mclude
their report 1n this volume
The Surgery Study Section and its Subcommittee on the Con

ference wish to acknowledge their debt of gratitude to those
many people who have made this venture possible Dr Harris
Levin and Dr Jack Milder as Exccutive Secretarles of the Sur
gery Study Scction have carried out the great bulk of formal
arrangements with the able secretanal assistance of Mrs Anna
Marie Perrell and of Miss Reecie Hodgson secretary to Dr |
Garrott Allen We are indebted to Mr James B Glaze Photog
rapher University of Chicago for the long and tedious hours
entafled in the prompt photographic reproduction of the 83 illus
trations prepared from the slides emploved by the discussants
Thus the reader has available nearly all fllustrations used and
each has been Leved to the discussion We are mdebted to AMr
A E Wright for the excellence of the arrangements at the hotel
and to Mr Warren Green of Charles C Thomas Publisher who
has made the rapid publication of this book possible We wish to
express deep appreciation to Dr George H A Clowes Dr John W
Rukbn and Dr C Walton Lillehei who advised the Committeo
on Arrangements Most especially all of us on the Surgery Study
Section as well as the participants in the Conference wish to ex
press our gratitude to the Subcommittee who organized the meet
g and the program and to Dr | Garrott Allen of the Umversity
of Chicago who carried out the local arrangements and who has
taken on the tremendous tash of cditing this book with such en
ergy speed and effectiveness

Fravas D Moonre

Chalrman Surgery Study Section

National Institutes of Health
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1OREWORD
By
Dnr Jasrs WaTtT

Director, National Heart Institute, National Institutes of Health,
Public Ilealth Serice, Department of Health,
Lducation, and Welfare

Tm: NamionaL Heanr Insttute and the National Adsisory
Heart Council cordinlly welcome you and hope that cach of you
will find the conference enduringly profitable pleasurable and
memorable

I regard 1t as a privilege to be able to participate i the mitial
event of this conference for 1 believe that this is an historical
occasion of unusual moment Obviously the very fact of scientists
of the calibre of those present gathenng here to exchange and
to yteld the products of their thinking and experience 1s itself o
noteworthy event

But I feol that this conference may be especially significant
for still another reason To me 1t signalizes a time of harvest The
seeds planted by physiologists expenimenting in the perfusion
of fsolated organs before the turn of the century are now bearing
a tich crop of frmit in the form of climeally useful tools and
technics for the maintenance of extracorporeal circulation

As you know this growth bas not been continuous but mter
muttent and paced by other advances n the reparr of cardiac
defects that have demanded the suspension of heart action for
longer and longer perfods of tme The fact that progress in
cardiac surgery has been greatly dependent on advances in extra
corporeal circulation has long been recognized by surgeons every
where In the 1830s when this dependence became acutely ap-
parent Laurence O Shaughnessy of the Lambeth Cardiovascular
Clinic {n London wrote in The Lancet “  the real key to further
advance in the surgical treatment of established cardiac defects

3



4 Extracorporeal Cuculation

will only be provided by the provision of some sumple and efficient
method of maintammg ceiebral cuculation while the heart is
temporauily out of commussion Natwally there ale many other
problems of local natmie fo1 solution but, so long as the
smgeon 1s faced with the certamty of nieparable cerebial dam-
age 1f he mtenupts the cuculation for any appreciable peiiod,
he has little mcentive to devise operative pioceduies that can
never be caruied out”

It has been laigely this need, expressed by Major O’Shaugh-
nessy two decades ago, that has impelled the piogiess which has
been made This 1s especially tiue for the cunient decade, when
advances m caidiac smgery have necessitated open access for
many minutes to the chambers of the heait

The National Adviso1y Heait Council has 1ecognized smce the
earliest days of the Heart Institute’s existence how dependent
progress m the field of smgery has been on the development of
ways of mamtaming the cnculation after exclusion of the heart

By September of 1949, when the Heait Institute was only a
little over a year old, the Council had aheady appioved moie
than $100,000 for the support of seveial i1eseaich piojects to
attack this pioblem under the dnection of some of the countiy’s
most capable mvestigators i this aiea of 1eseaich We have
alieady made profits on this mvestment and the 1etuins are still
commg mm The piofits I 1efer to are the people happily alive
and healthy, because of the 1eparative work done with the help
of these machmes and methods developed fiom this and 1elated
work

The mterest of the Heairt Institute m this pioblem has con-
tinued to giow m pace with the demands of swigeons for 1ts solu-
tion In the past ten vears—the decade of gieatest need, as well
as gieatest progiess m this aiea—the Council has 1ecommended
the expenditure of approximately two and a quarter nilhion dol-
las for the support of more than fifty 1eseaich projects m extia-
corporcal cnculation Those of us who are associated with the
National Heart Insutate take pride m bemg able to identify
ourselves with the manv saientists throughout the country who,
with the aid of these arants have contiibuted so much to the
Progress which Los been made
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Olvioush  mamy important problums remam o be solved by
continuing research mn this wrc v of Cuwdie surgeny In the future
as m the past progress m the surgicnl treatment of many of the
heart defects that are now irrepamble will continue to depend
hewily on the devcopment of hetter techmiques and tools for
extracorporeal airculition With this continuing need in mind
the Council has alreadv approved over $700000 in grants for
future use in reserch in extracorporeal circulation

Our current position m the histon of extracorporeal circula
tion can perhaps be compared with the turn of the century mn the
lustory of automotive transportation Were off the ground now—
we have appartus that really works But its still the era of the
Pierce Arrow the Electrie Brougham and the White Steamer
Many duergent objectives and operating principles are being
developed some of which will prove out in use and some of
which will be discarded

One of the reasons we are meeting here this weekend 15 be-
cause we need better integration of these diverso ideas and ob-
Jectiv es—the kind of integration that promotes clarity in thinking
and more rapid taking of objectnves It 15 the pnmany purpose of
all scientific meetings to promote progress through the nter
change of 1deas and plans We learn to avoid the mistakes already
made by others and equally important, to duplicate their suc-
cesses Then too there 1s a synergistic effect from the inter
change of widely differing patterns of thinking on the same
subject in the genesis of new patterns of thinking new projects
and new accomplishments This I think is the great profit of a
really successful scientific meeting

If prophecy has a place in the equipment of sclentists the
scientific meeting is the place where it {s most hikely to manifest
itself In meeting friends and colleagues with new and different
ideas in discussing and planning the things that we find most
exciting—the combmation of social and mtellectual stmulation
weo encounter under the circumstances 1s most likely to provide
the flashes of mnsight by which we percene the future possibili
tes of our science

Im not a surgeon so I have no business waxmg prophetxc in
the area of surgical science but 1ts obvious even to me that the
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cardiac smgeon today 1s standmg on a wonderfully optimistic
historical vantage pomt The view backwaid 1s one to mspire
pride m the scientist who has been making contributions m the
atea of extracorporeal cuculation, and the view ahead 1s surely
one to fire the mmagination of anyone who caies to look at the
futuie of cardiovascular smgery



PUMPS AND O\YGENATORS
SECTION 1






CHARACTERISTICS OF AN IDEAL PUMP
FOR ENTRACORPOREAL CIRCULATION

By
IIamy T Bamson, M D

IT 15 with the proper sense of proportion that the Study Section
has allotted to discussion of pumps the shortest of the various
sessions as most people here are least dissatisfied with the pump
g component of the extracorporeal circulation There 1s cer
tamnly less experimental data to compare different pumps and
other problems of the extracorporeal circulation more urgently
need solution On the other hand 1n the present imperfect state
of our knowledge the pump is onec component which can more
completely benefit from modem engineermg than other elements
of the extracorporeal system if we can define the lumting factors
and expenmentally evaluate and establish the desired charne
tenstics

Scores of pump designs are available many with the support
of successful experimental and clinical use After using a roller
pump satisfactorily 1 a number of mstances we have questioned
the need for departure from this basic design origmated by
DeBaley and developed to a high degree of excellence by Gibbon
and lus associates A feelng that a more intermittent type of
pump should be carrfed to the same degree of excellence has
largely motnated our efforts in the last several years to construct
a similarly rellable and theoretically sound intermittent type
pump Construction materials tvpe of compression, and the
mechamsm of control play such an important role n the fabri
cation of pumps for evtracorporeal circulation that companson

of pumps of different types is not possible from available mnfor
mation

Aided by Grant H 1326 from tho \atlonal Institotes of Health, US Public
Health Semvice
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10 Extracorporeal Circulation

I would like to discuss the hypothetical 1deal pump under four
headings, histmg hniting factors and desnable features These are
(1) the mfluence of 1estiicted orfices, (2) the tiauma of extra-
corporeal pumping, (3) the need for vanable flow and automatic
contiols, and (4) measmement of pump output

Furst, restiicted onfices must be mteiposed m both the venous
and aitenal lmes comnecting subject and pump These should
be as wide and as shoit as possible but available techmques of
cannulation 1equne that some 1estriction be placed On the
venous Ime this means that some form of aspnation has to be
applied if cential venous piessme m the subject 1s to 1emam
noimal The gieater the 1esistance of the cannula and the higher
the flow, the gieater this aspnation must be Although grawity
may be used for this puipose, a moie 1eadily 1egulated force
seems desnable The 1estiiction of venous cannulae and the force
1equiied to overcome this iesistance have played a dommant
role m flow thiough the extiacoipoieal cnculation m our exper-
ence We have attempted to mamtamn cential venous pressure
neaily normal and use as laage a venous cannula as possible,
manually thiottling venous flow 1if our gravity diamage becomes
excessive Ideally this will be done automatically

Although cannulation of the aoita 1tself 1s possible, the easily
available smaller vessels, such as the subclavian or femoial, re-
quire the presence of a 1estricted orifice m the arterial Iine also
It follows that piessuie m this artenal lme must exceed that of
the noimal ventiicle and conrespond more to that proximal to a
stenosed semilunai valve The effect of this pressuie on pump out-
put cannot be neglected, paiticulaily m 1elation to cahbration of
flow

There must be little if any tiauma, either chemical or physical,
mflicted on the blood Materal which contacts the blood must
cause mummal chemical change, the most obvious evidence of
chemical change bemg mitiation of thiombosis Synthetic ma-
terals seem least damagmg in this respect Design of the pump
should be such that stagnation does not occur as even m the
body stagnation bieeds thrombosis The modern tiend blood
perfusion equipment 1s towards expendable plastic matenal, and
I believe this tiend should be extended to an artificial heart We
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have been so forcefully mpressed with the difficulty of thorough
cleaning of blood and protein from plastic and metallic parts
that I feel sure the idenl pump chamber should not be reused

Phvsical trauma is also to be avolded Turbulence is usually
listed as a principal offender in causing hemolysis but the mecha
nism 1s not clear Internal valves and abrupt changes in tubing
diameter which might cause turbulence must be avolded Just
as importnt may be avoidance of unwanted shock and high
pressure waves which may cause damage by sudden positive or
negative pressure This has been our principal objection to the
popular Sigmamotor pump and possibly explains why it has m
our experience been associated with more hemolysis than roller
or mtermittent pumps we have used

The most complex problem associated with a pump 1s that
of flow control Continuously variable flow Is required from
zero to about 5 liters per minute and this flow must be suscepts
ble to control Eather stroke volume stroke rate or both mght
be altered to vary flow in the ideal pump Both are done in the
body Just what should be the controlling parameter is not entirely
clear Earlier systoms mantained constant the volume of blood
m the extracorporeal system Obviously the patient must not be
bled or overtransfused Our clinical work indicates, however
that 1f this control 15 simply of the volume of blood in the ma
chine excessive flows will be obtained when the resting heart
and lungs are emptied of blood during cardiotomy In some
mstances this volume may amount to more than a hter Probably
the parameters which should be selected for control involye an
mntegration of arterio-venous otvgen dufferences and arterial and
venous pressures Serto mechamsms i the intact body meorporate
all these factors m regulation of flow and pressure and our
chinfcal perfusions have proceeded better when an effort was
made to momtor these parameters and regulate flow and trans
fusion accordingly There 1s no question in my mind that in the
wdeal perfusion mean artenal and venous pressures and arterio-
venous oxygen difference should remam unchanged

I am confident that regulation of the ideal pump must be
automatic thus freemg the operator to monitor the extracorporeal
circulation Because the regulating signal can be much stronger
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have been so forcefully impressed with the difficulty of thorough
cleaning of blood nd protein from plastic and metalllc parts
that I feel sure the wdc il pump chamber should not be reused

Physical traumn 15 Also to be avoided Turbulence is usually
listed as a principal offender in ciusing hemolvsis but the meeha
nism §s not clear Internal valves and abrupt changes in tubmg
dameter which mght cause turbulence must be avoided Just
as important may be awoidance of unwanted shock and lngh
pressure wves which may cwse damage by sudden positive or
negative pressure This has been our prineipal objection to the
popular Sigmamator pump and posstbly explams why it has
our expentence been associated with more hemolysis than roller
or intermittent pumps we hasc used

The most comples problem associated with a pump s that
of flow control Continuously varable flow 1s required from
zero to about 5 hiters per mmute and this flow must be suscepti
ble to control Either stroke volume stroke rate or both might
be altered to vary flow m the 1deal pump Both are done in the
body Just what should be the controlling parameter 1s not entirely
clear Earlier systems mantained constant the volume of blood
m the extracorporeal system Obviously the patient must not be
bled or overtransfused Qur clinical work ndicates however
that if this control is simply of the volume of blood in the ma
chine excessive flows will be obtained when the resting heart
and lungs are emptied of blood during cardiotomy In some
mstances this volume may amount to more than a liter Probably
the parameters which should be selected for control myolve an
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I am confident that regulation of the ideal pump must be
automatic thus freemg the operator to monitor the extracorporeal
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when levels o1 pressuies are sensed m the extiacorporcal system
itself, this has usually been done and automatic contiols have
mamtamed constant the volume of blood m the extiacorporeal
system Although we would Iike to 1cgulate automatically the
extiacorporeal system by venous and witenal piessmie 1 the
subject, the 1eadily available signals from his vascular system
1equue such amplification that the amphfied signal has not been
stable enough to use m the past In the ideal pump of the future
this should be possible Although a simple automatic contiol 1s
desnable, 1t seems unlikely that a system without any amplifica-
tion will be the 1deal

Fmally, the 1deal pump will be so constiucted that an accurate
measuie of 1ts output 1s available contmuously Either a flowmeter
must be mcoiporated o1 the effects of vaiymg diastolic filling or
systolic ejection pressuies must be known Accuiate calibiation
under 1eproducible conditions 15 of utmost importance m obtamn-
g needed physiological data

After this buef histing of what I believe aie desnable featuies
m the pump of an extiacoiporeal cuculation, I shall simply state
that we have neaily finished a pump mcorporating many of these
featmes As aiesult of help fiom the National Institutes of Health
we have benefited fiom the association of Mr John Edwards,
an engieel, employed to constiuct a pump which nught be used
with vaiious oaygenators Information gamed fiom an eailier
model of a pump of similar pinciple has been mcorporated

An mteimittent type of pump was selected because 1t had
proven satisfactory m pimciple m an eailier model, and expeir-
ments by both Dennis and Meliose had shown this type of pump
to be associated with less hemolysis than the roller type Since
we have only 1ecently begun to test this appaiatus there 1s Iittle
to be gammed by more desciiption of 1t except that 1t 1s powered
by an automatically contiolled hydiaulic system which imposes
pressure m the pattein of a sme wave on a blood contaimng
cylnder External valves, similarly poweied hydraulically, con-
strict the tubing enterng and leaving the chamber at the appro-
priate times Stroke to stioke control 1s achieved by a sensing
device on a small closed 1eservon so that stroke volume 1s made
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to correspond to filling of the resenvoir durmng the preceding
stroke

In conclusion msufficient data are available to definc complctely
the qualifications of an 1deal extracorporeal pump Some of the
presently imiting and desimble features ean be histed, but availa
ble data are not adequate to establish one type of pump as 1deal
even m principle Questions which urgently need answers include
What should be the controlling parameter for output of the
pump? Tlow automatic should the pump be? Which s preferable
pulsatile or non pulsatile flows? It 15 hoped that the answers to
these and other questions will be forthcoming in the nest seyeral
days

Tho advice of my associates, notably Dr Frank C. Spencer and John F Edwards,
has been helpful



12 E\lmcorpm cal Circulation
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strict the tubing entering and leaving the chamber at the appro-
priate times Stroke to stioke control 1s achieved by a sensing
device on a small closed reservorr so that stroke volume 1s made
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acknowledged Parsons and McMaster (31) investigated the
flow of lymph in rbbit cars perfused by both pulsatile and non
pulsatile flows They concluded that pulsation promoted Iymph
formation and absorption and that absence of pulsation led to
a decrease of lvmph flow

Such are the meager matens available to judge this important
question which surcly ments close study at thus time It Is safe
to say however that no refined mechamsim to ape the normal
pulse need be sought and that 1t 1s likely that considerable It
tude n this matter exists

PUMP MECHANICS

Unhampered by exacting physiological eriteria the factors
underlying the choice of a pump are 1n essence practical ones
Pumps can be divided mto those designed to produce a continu
ous output and those whose action necessanly imparts a pulse
This division is a fundamental and important one though i any
particular nstance 1t may be difficult to determine precisely m
which category a pump belongs

Continuous flow pumps arc i thc mam used to move large
flows at low pressures The household fan the aeroplanc airserew
the water pump in automobile cooling systems and the familiar
boat propellers are all examples having in common an absence
of valves to dircet tho flow of gas or flud and depending for
their pumping action on the rotation of a system of blades set at
an angle about the axis of rotaton The lighest refinement of
such a pump is the gas turbine or fet engine deseloping, as it
does enormaus power from the continuous movement of literally
tons of air a mmute

No adaptation of this type of pump seems to me to have any
useful place 1n the development of heart lung mochies While
producing an mherently smooth flow with the ads antage that
such a flow encounters mmimum resistance to 1ts passage along
tubes and through onfices 1t can only do this at the cost of many
well nigh msuperable disadvantages Any form of rotating screw
allow s considerable “ship™—that 15 the rotating blades slide throngh
the fluid pumped across its direction of flow This 15 merely a
source of inefficiency in such applications as propelling a ship
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FLOW PUMPS

By
Denis MeLrose, M.D.

WERE there any 1eally conclusive evidence as to the 10le of
the pulse mn the cuculation of the blood owm choice of a mechani-
cal substitute for the heait would be made wholly on these
giounds Howeves, as yet no such evidence 1s available and we
aie forced to a number of assumptions

Pulsatile flow 1s the natwmal one and we must assume that the
body 1s adapted to such a flow, though to aigue fiom this that
1t 15 essential would be dangeious, for 1t 1s impossible to imagme
any other biological solution Ceitainly a wide vailation m pulse
pressure and contow 1s normal and 1eference to such caidiovascu-
la1 malformations as coaictation of the aoita o1 aoitic valvular
mcompetence mdicate that the extiemes of mmmum and maxi-
mum pulse amplitudes aie well tolerated Whole body peifusions
i animals, usimg non-pulsatile flows have been cained out suc-
cessfully, as have a laige number of perfusions m man wheie
the flow has been only mmmally pulsatile

Recent expeiiments have cast doubt on eailier 1esults of 1enal
perfusion which had mdicated that the pulse had a beneficial
effect on the activity of the kidney Neither Selkuit (1) nor Ritter
(2) weire able to demonstiate any sigmificant alteration m 1enal
function when pulsation was almost excluded fiom the aitenal
supply to the hidney without change of mean aiteral piessme
These were, of couise, shoit-tetm expeuments and may have
less validity over long periods But even the most ambitious ex-
ponent of the heart-lung bypass must at piesent be conceined
largely with such shoit term mechansms

That movement m general, and paiticulaily the aiterial pulse,
1s concerned m the dyvnamics of the lymph circulation 15 generally
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m ammals, using non-pulsatile flows have been cained out suc-
cessfully, as have a laige number of perfusions i man where
the flow has been only mmmmally pulsatile

Recent experiments have cast doubt on eailier 1esults of 1enal
perfusion which had mdicated that the pulse had a beneficial
effect on the activity of the kidney Neither Selkuit (1) nor Ritter
(2) were able to demonstiate any sigmficant alteration m 1enal
function when pulsation was almost excluded from the aitenal
supply to the hidney without change of mean aitenal pressue
These weie, of course, shoit-term eapermments and may have
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put of certamn of them has often been regarded as continuous For
convenience it is suggested that they be regarded as falling into
two categories—those of lugh amplitude pulsition and those of
low amplitude pulsation

In the first category are all those pumps in which blood 15
drawn into a container through a one wiy vahe and then during
the pumping phase 15 cjected through another one way valve
The design of Dale and Schuster (5) m 1927 is perhaps the best
known and serves as a pattern Vanations on this theme are two
numerous to detail but on this basic pattern can be elaborated
mechanisms givmg almost any desired charactenstics of output
save that of contimuous flon though these pumps are usually
of high amphtude pulse type A recent modification now em
ploved m several machmes allows a simple straight plastic tube
to be used as the pump chamber pumping beng carried out by
external compression of the tube Occlusion of this tube at either
end for appropnate periods of the pumping cycle provides valvu
lar action and gives direction to the flow This valvular action
allows of alterntion of the amount ejected at ench pumping cycle
by changing the amount of compression of the tube at each stroke
and hence the output can be varied independently of pump rate
Providmg compression of the tube 1s never complete except at
the valve sites the action of such a pump is mimmally traumatic
to blood and allows precise regulation of both flow rate and
output pattern The simphcity of assembly and adjustment to-
gether with the use of disposable tubes makes such a design
practical and refinement should add further assets

An alternabive to this tvpe of pump 1s that known as the occlu
sive roller type In Europe the name Jouvelet (6) and here m the
United States that of DeBakey (7) 1s attached to two good
examples Rollers are used to occlude an elastic tube mn such a
manner that when these rollers are moved along the tube therr
action 1s to squeeze out blood contamned in the tube No valves
are ordinanly used to prevent back flow this acton being pro-
vided by the sequence of operabton When one roller finishes 1ts
strohe along the tube another has already begun its course
along 1t.

The output from such a pump 15 pulsatile m that the change
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or acroplane, but where the flind pumped 1s blood such meffi-
ciency must be paid for m haemolvsis Inaddiion to “shppmg,”
propellors also “cavitate ™ Areas of very low pressure form hehind
the leadimg edge of the 1otating blades and draw from the flnd
a gieat deal of dissohved gas \pnl from the destiuctive forees
111\01\((] this attithute s ])nl(nlm]l\ dangerons i ats tendency
to form bubbles

It may be argned that there s no need to spina serew within
the flow—that some form of centufuge could be used This 19
mdeed tiue but m a contmuouns flow centnfuge there remams
the problem of joimmg the spimnimg member to the delivery tubes
ITere an cffectiny e rotating couphing conld undoubtedly be devised
but this does not .ﬂlogvlhvl answer the problem AL some pomt
the flow must be suddenly 1otated and then dehivered to a non-
1otating tube At these pomts there 1s a tendeney to form the sort
of voitex that accompames the emptyig of a bath and such
vortices have the same propeities as the cavitation areas on a
propeller

No stiess need be made of the practical difficulties attending
the constiuction, cleanmg o1 stenhizing of such a pump These
problems are common to a]l designs but probably are exaggerated
here by the difficulty of ’lllowmg for a fully disposable umt

Problems of contiol of the output of such a pump are many
Such devices do best when 1un at a constant speed agamst a con-
stant load To airange for accmate contiol agamnst vanations m
resistance 1s necessaily complex and mitigates agamst successful
use The only useful apphiecation of such a pump, could the many
problems 1n design be solved, would be i mamtamnmg iecircu-
lation within a heart-lung machme wheie both flow 1ate and back
pressuie can be held constant

PULSATILE FLOW PUMPS

Unlike the continuous flow pump, those of pulsatile type 1e-
quire some form of valve to give dunection to the flow and of
course produce a discontimuous pulsmg output The type of pulse
produced can be of infinite varety and may be of such low amph-
tude as to appear non-existent All the pumps 1n curient use m
heart-lung machines aie of pulsatile type though the form of out-
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hvdraulic svstems offer seant opportumty of manual intervention
in the event of 1 power failure and imply a possibility of forcing
either gas or fluid into the bloodstrexm in the event of a fault
in the pump tubing tself

With one additional attribute any of these pumps can be made
close to ideal In order to guard agamst the possibility of aspirat
ing air while pumpmg most heart lung machines have safety
devices and alarms Most depend on some form of electrical relay
and some arc comples This should not be necessary  Suitable
modifications to eusting pump designs should ehmmate any pos
sibility of the pump ejecting other than fluid and should enable
external controlling svstems to be dispensed with The guiding
factor should be the tube “stretch reflex” as in the natural heart
Tubimng moulded with a flat scction of potentially large capacity
but at rest without lumen can be substituted for that of round
secton and arranged to respond only to the filling pressure of
blood entenng it Thus the stroke volume of a pump using such
a tube will automatically alter to accommodate to the flow offered
to 1t Calibration of a reservoir directly m kalogrammes of body
weight would seem a logical step wath such a system and the
only supervision required after filling to the indicated level would
be occasional topping up to mamtam 1t The very elegant pump
used by Clarence Dennis (8) and his associates employs this
principle and it seems destined to find & secure place 1n the
future

If but a clear specification based on present knowledge of
requirements can be agreed upon there can be no doubt that a
technology which could master nuclear energy 1 a decade could
produce a safe simple and effective mechanical heart
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over fiom one 1oller to another 15 marked by a momentary fall
m forward flow The pressme curve shows a snsl.lmcd mean pres-
sure mtenupted at mtervals by a fall m pressme comerdent with
this changeover

The advantages of such a pump aie many and simplicity 1s
particulauly an asset Iowever, the action of the pump 1cquires
that the tube be occluded comp]('tdv and that this occlusion be
cainied along the tube This has the effect of scrubbing one wall
of the lumen of the tube upon the other with attendant trauma
to the blood Theie 15 no alteimatne to this To be usefully
compcetent, occlusion 15 essential and the addition of valves cannot
affect the action at all This 15 a disadvantage which has not
affected 1ts very successful evploitation to date and 1t 1s only
when a dive to further 1efinement 1s sought that 1t will outweigh
the obvious advantages

Simila1 in character to the 1oller pumps and shanng with them
a scrubbmg action 15 a vanation known as the Sigmamotor pump
Heie progiessive occlusion along a tube 1s cained out by a sees
of compiessing fingers This pump has commanded a very laige
use, and has gieatly fuithered the development of the heait-lung
project Rather ciude, 1t has at present some lmmtations and
n action cannot escape the penalty of all wholly occlusive sys-
tems Refinements will undoubtedly advance 1ts claims The out-
put 1s pulsatile but of low amphtude

Each of these thiece tvpes has ments and demeiits and 1t 1s
proper at this stage m the evolution of the heait-lung machine
to continue to exploie each system All shaie the useful attitbute
of allowing of the mexpensive disposal of all matenal with which
blood comes m contact and have elimmated the mteifeience to
flow of mteinal valves All aie 1elatively simple mn chaiacter and
have no mechanically elaboiate paits The non-occlusive type
offers a wider 1ange of use, 1s less tiaumatic, and 1s less Iikely to
fail fiom destruction of the tubing withm it On the other hand a
high amphtude pulsation, if not adequately damped, may mvolve
excessive fluctuations of flow and piessme and may become
mote traumatic than the low amphtude type

Foice 1s mechanically thansmitted to the pump chamber i
each of these designs—a woithwhile safety factor Pneumatic or
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Iy draulic svstems offer scant opportumity of manual mten ention
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section and arranged to respond only to the filling pressure of
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DR VIKRINC O BJORK Stockholm All pumps ghe o certamn degree
of hemolvsis There are two ways of decreasing this hemolysis Furst
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used a system wheie venous blood s diamed by gravity from the vena
cava thiough the spmnmg disc oxygenator Thus only one pump has
to be used, the one for pumping the blood back to the arterial system

Sccondly the pump should be as attaumatic as possible To move a
column of blood, the tubes must be squeesed But undue trauma to
the 1ed blood corpuscles will 1esult either with a ligh pulse pressure
diffeience o1 with a small stioke volume In order to avoid a
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Fic 2 Hemolysis from Sigmamotor pump m upper line, lower line 1s that of
Crafoord-Senning-Aga pump after same passages of blood thiough each
(Bjork)

too hugh pulse pressme difference between systole and diastole we have
from the beginning used two paiallel pumps working alternately, so
that when one 1s 1 systole, the other 1s in diastole That means that
the pulse pressure difference between systole and diastole 1s dimmished
We believe this narrow pulse pressure difference will decrease hemolysis
when the column of blood 1s forced through a narrow arterial cannula
In this respect the roller pump of DeBakey type 1s theoretically 1deal
The other factor of importance for hemolysis 1s the stroke volume
The more often the column of blood 1s suddenly interrupted 1n a pump
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with a small stroke volume the greater is the trauma to the red blood
corpuscles at a highcr speed Therefore a pump with as Ing a stroke
volume as possible is theorctically wdeal The \elrosc pump ¢ hue
& mither large stroke volume The Sigmamotor pump on the other hand
has n comparntively small strohe volume resulting in o comparatively
high degree of hemolvsis In our laboratory Drs Anderson and Rod
riguez compared the hemolisis in the Crafoord Senning Aga pump
which vou sce n Tig 1 with the two partllel tubes being alternately
squeczed with that produced by the Sigmunotor pump (Sec Fig 2)
Under a flow rate of 2000 ¢ ¢ per minute circulating blood through the
pumps after 100 passiges through the pumps hemolysis was roughly
three times more in the Sigmamotor pump The same comparison
should be done with all pumps 1 believe the pump should mamtain o
constant flow of a desired magnitude

DR R L. BOW\NIAN Bethesda From what has been said it 1s
apparent that blood can be pumped around by various mecans with a
minimum of damage to the blood The hemolysis referred to may not
be of much importanco per se with a well perfused kdney but it does
servo to mndicite rough handhing and should be avoided.

Further ymprovement in pumping systems leaves the problem of
mereased availability reduction in pnming volume and climination of
assembly maintenance and clean up time One approach is a sterile
package containing pump connecting tubes and cannulae oll dispos
able We have made up such an assembly to evaluate this idea, and I
have here Dr Selwyn McCabe s current preparation It consists of two
viny 1 sacs with molded valves enclosed in the outer more rigid enclosure
that permits compression of theso “ventricles™ by injection of water into
the outer space The motive power for the hydraulic pulse is provided
by a remotely located actuator

The small size and smooth contours allow 1ts placement in or near
the operative site minimizing prime volume heat loss and contact of
blood with forcign surfaces Currenthy we are using an electric motor
driven vanable stroke actuator and ses eral hinds of pneumatic-hy draulic
constant stroke volume s stems including various self regulating fea
tures

The use of pncumatic power from a taok of compressed gas has the
attracthe features of simplicity and freedom from clectrical power
falure problems At the moment we are still using electnic vahves but

an air valve similar to the Emerson ventlator vahe is expected
t
replace them °
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Constant stioke volume variable 1ate systems appeal to me as a
convenience m mdicating flow volume We realize a simlar package
for the oxygenator 1s next but that s another problem

DR ROBERT E GROSS, Boston, Mass In discussing pumps, we
would hke to desciibe briefly a pump-ovygenator which we have con-
stiucted and found to be extiaordmanly eflicient, 1chable, of great
capacity, and also simple to operale

This unit 15 mobile and can be casily whecled toward the head of
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the operating table From photographs we can point out some of the
salfent features of the machine and trace the course of blood through
it, Fig 3 All caval blood runs by gravity nto a collecting unit the
height of which cn be varied and which is genernlly sct 8 or 10 inches
below the level of the neht auricle Blood from the coronany sinus
or open heart is suched wy by a DeBakey tvpe pump and 3s also
delivered into this receptacle Al of the blood then runs downward to
the “settling chamber™ which provides a smooth flow of blood through
the onvgenator without bubbles or turbulence The ovygenator is a
kay-Cross rotating disc apparatus which we cannot praise too highly
1t has performed magnificently The only change we have made in it
from the manufacturer s model 1s to usc thinner spacers between tho
discs to permit mounting 25% more dises on a rotating shaft

From the bottom of the ovy genator blood 1s moved by anon-occlusive
DeBakey tvpe pump which we have altered slightly from the oncs
manufactured bn the Mark Company These are nicely designed and
constructed Looking down on the machine from above one can sco
at the back the two roller pumps one of which is used for the mamn
pump and the other for activating the coronany sucker Fig 4 Blood

T

Fio 4 Pump viewed from above (Gross)
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1s 1ctuined to the patient by conventional cannula mn a subclavian
artery

Here 1s another view of the machine, angled from the front, showing
the collector, the setthng chamber and the ovygenator, Fig 5 Withim

. T T T — ""“"Tr_""_?

Fic 5 View showing collector, settling chamber and oxygenator (Gross)
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the machine is a small water tank electneally heated and thermostati
callv controlledd 1rom it warm water is passed up through this metal
compartment on which the belly of the oy genator rests thus warming
the circulating blood to a proper level The blood temperature clec
tromeally measured can be read at all times on the indicator at the left
To the right are switches and controls for the pump motor

Great care has been tiken to make the machine explosion proof All
metal or glhss surfaces which will be touched by blood are coated by
a baked-on sihcone Al parts which will be touched by blood are
stenlized by autoclaving The pumps have capacities up to 5000 cc
per minute The owvgenator ven comfortably ranges somewhat up
above 4000 cc per minute W have perfused pups as small as 5 Mlo-
grams and have camed adult humans with ease On a test run (not
connected with an ammal or human) blood was recirculated through
the entire machine for two hours at 1 speed of 3000 cc per minute
Blood at the «nd of this run showed no essential change in platelet
counts and there was an accumulation of only 130 mgm% of hemo
globin in the plasma. Our longest run on a human has been 63 minutes
at the end of which time the plasma hemoglobin was only 21

To date 13 paticnts haye been perfused with this apparatus all are
alive The machine has functioned in an amazingly satisfactory and
simple manner It is run by one person—a nurse We would not call
this pump-oxygenator “perfect ™ but 1t 1 mighty close to it and we are
completely pleased with 1t n every way

In the development and study of this apparatus I am indebted to
my confreres Dr Sauvage Dr Pontius and Dr Watkins

DR. DWIGHT E HARKREN Boston, Mass In assistanco through
such partfal venous take-off (femoral or even by cannula closer to the
nght atrfum) artenalizabon and pump return to the femoral artery
we are speaking of assistance without opening a body cavity

If such auxiliary take-off is only 1000 ¢ c. of venous blood, a tremen
dous work reduction to the ventricles is already effected. When this
venous blood 15 arterialized and returned, perhaps to the femoral artery
or even by cannula to the lowcr aorta, there must be some nd\'u.nmge in
certnin pulsatile return patterns though just what this is so far as
Iknow 1svet to be determined In short, it seems likely that the returned
arterinlized blood should be returned durning diastole when the aortic
valve 1s closed Tlus would probably offer less resistance to the afling
benrts systolic cffort and therefore presumably less cause for myo-
cardial work which of courst is our objective

We have been working on such a pump with Dr Gants and AMr
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Butwell of the Davol Company This stindy, versatile pump has equal
adaptability for medical o1 swgieal puiposes

F1g 6 shows a bubble-ovygenator of bubble type wheie de-bubbling
takes place m a senes of concentite eylmders surtounding the central
bubbling cylinders This scems about comparable to other oxygenators
We use 1t because 1t 15 effective (as such go), 1t1s simple, casily cleaned
and 1t 15 omrs This 15 not getmane to this discussion The pump beside
the ovygenator 1s shown with an ovygen tank to convey an impression
of size The two 1ubber “ventiscles” can be seen They are cylinders of
cloth 1emfoiced rubber walls The mner wall can be distended to dis-
place blood 1 the tiansit chamber (F1g 7) The ventucles can be oper-

Fic 6 (Harken)
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ALUMNM S CREW.
COMECTON

POLYVINYL SUCTION
ENO FITTING

NYLON MESH TUBE FILTER

POLIVIATL TUAE

Fic 7 Diagram of curcurt used by Harken
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ated manually 1f necessary Each ventiicle has a umflow rubber mflow
flutter valve at its base, an outflow flutter valve at its top (see diagram)
The compressing wall can never touch the chamber wall to traumatize
blood The stioke volume 1s changed by the amount of compressing
wall displacement with saline (sce diagram)

The amount of salme displacement 1s 1egulated by the stroke volume
of the pistons on a smgle shaft (I1g 8) The screw contiol on the shaft
alters the piston stioke and theiefore the stioke volume of blood de-
hvery This piston 1s 1mpelled by compressed an (see diagram) The
amount of this piesswe 1egulates stroke speed Thus we can control
pump systolic speed, volume and ficquency

In the diagitam you see micio-switch contiol which 1s of course
automatic and for swmgical by-pass use For medical awuliary circula-
t1on 1t will probably be better to have this micio-switch mechanmsm re-
placed by a synchiomzing oscillaior so that we can have slave correla-
tion to the QRS complex of the electrocardiogram This synchronizer 1s
now under construction and will allow us to time the assisting pulse
at any pomt m diastole o1 even fibullate with a heart m auricular
fibullation for complementary or paradonical volumetric stroke assist-
ance The second diagiam clarifies this pump set-up Agam (Fig 9),
we can take a closer look at the activator aspect of the pump Dr

D/—AIR PRESSURE GAUGE
STAINLESS STEEL COVER
»

(CUTANAY] —__

\T_ _—AIR REGULATOR VALVE

STROKE LENGTH ADJUST ﬂ1 ~TO SOLENOID VALVES
/ PLEXIGLASS CYLINDER

/ (CUTAWAY)

1 1 f
FLEXIBLE POLYETHYLENE F FLEXIBLE POLYETHYLENE
TUBE TO LEFT VENTRICLE — TUBE TO RIGHT VENTRICLE
Alc(||o|E
T 1
SWITCH ACTUATOR —— — 8
= ——]
MICROSWITCH ACTUATOR PIVOT — o @ A~ PISTON SHAFT

8~ AISTON

C = REAR BELLOFRAM
RELAY O — FRONT BELLOFRAM
MICROSWITCH HOUSING MICROSWITCH £~ LIQUID FILLED CYLINOER
F = AR FILLED CHAMBER

LINE CORDFITTING

Fic 8 Diagram of pump (Harken)
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Gants and \Mr Birtwell of the Dnvol Company have built

In closing 1 should like agin to stross the vastly important medical
area awmting the nght pump-onygenator The sigmificance of vene-
section imolved may e 2 vers minjor part of jts total value We have
today presented a pump with a great flow of s arfability and as littlo
traumatic effect on blood as any of the pumps we have tested In addi

tion 1t has versatihity through stroke volume frequeney  speed and
timing

Fic 9 Photo of pump (Harken)
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ated manually 1f necessary Each ventricle has a umiflow rubber inflow
flutter valve at its base, an outflow flutter valve at 1ts top (see diagram)
The compiessing wall can never touch the chamber wall to traumatize
blood The stioke volume 1s changed by the amount of compressing
wall displacement with saline (see chagram)

The amount of salme displacement 1s 1egulated by the stroke volume
of the pistons on a smgle shaft (Iig 8) The screw control on the shaft
alters the piston stroke and theiefore the stroke volume of blood de-
livery This piston 1s mmpelled by compiessed air (see diagram) The
amount of this presswe 1egulates stroke speed Thus we can control
pump systolic speed, volume and frequency

In the diagiam you see micio-switch control which 1s of course
automatic and for surgical by-pass use For medical auvhary cucula-
fion 1t will probably be better to have this mcro-switch mechamsm re-
placed by a synchiomzing oscillator so that we can have slave correla-
tion to the QRS complex of the electrocardiogram This synchronizer 1s
now under construction and will allow us to time the assisting pulse
at any pomt m diastole or even fibrillate with a heart in auricular
fibrillation for complementary or paradoaical volumetric stroke assist-
ance The second diagiam claiifies this pump set-up Agam (Fig 9),
we can take a closer look at the activator aspect of the pump Dr

D/—A/R PRESSURE GAUGE
STAINLESS STEEL COVER

{CUTAWYY) —
! |_—41R REGULATOR VALVE
.
”1 »
STROKE LENGTH ADJUST  ~ —~T0 SOLENOID VALVES
v PLEXIGLASS CYLINDER
/ (curawar)
I I /
FLEXIBLE POLYETHYLENE 2 FLEXIBLE POLYETHYLENE
TUBE TO LEFT VENTRICLE — TUBE TO RIGHT VENTRICLE
alc||o|e
I I
SWITCH ACTUATOR —— = 8
=~ L‘—!
MICROSWITCH ACTUATOR PIVOT — @ @ A= PISTON SHAFT
, 8~ PISTON
C - REAR BELLOFRAM
RELAY O~ FRONT BELLOFRAM
MICROSWITCH YOUSING MICROSWITCH E - LIQUID FILLED CYLINDER
F =~ AIR FILLED CHAMBER

LINE CORD FITTING

Fic 8 Diagram of pump (Harken)
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PRESSURE CHANGES IN THE CHAMBER OF THE PUMP AND ACTION
OF THE VALVES

PISTON BACKS OFF
< OUTLET VALVE CLOSES

OUTLET VALVE OPENS —

PISTON COMPRESSES CHAMBER
/¢ON RETURN STROKE
INLET VALVE Cl

NLET VALVE OPENS

Fic 11 The time for a complete evelo is 0 8 seconds Time mtervals can be
taken by direct measurement from the curve The manmum pressure is
160 mg Hg (Poth)

DR WILLIAM H SEWELL, Atlanta I think it is pretty definitely
apparent from what we heard today and what 1s going on in the country
a3 a whole that thcre are a number of pumps that are working satis
factorily when things are going well and the subject is not in shock
and the venous pressure is at o satisfactory level However when you
are not getting as much blood back from the cavae as you would like
there are some minor differences in the design of the pump which may
be of importance A pump with passive internal valves has features
of some value here When a passive valve closes there 1s bound to be
a puff of bleod back into the venous tubing as the valve 15 gomg down
Dr W W L. Glenn and I have found in New Haven that this backflow
is adequate to push the caae away from the holes in the cannulae when
the vessel has collapsed This means the pump 1s practically self regula
tory During each diastole of the pump the cavae may be sucked against
the cannulac but are released for the next systole With an air activated
system, it does not matter whether you are sucking too hard over a
wide range becausce of this principle
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DR EDGAR J POTH, Galveston, Texas I wish to describe briefly
a pump we have developed It 1s onc of non-occlusive-pulsating flow
The pulsations can be modified by a modulator o1 completely ehmi-
nated 1f desired The valve m this pump 1s illustrated m Fig 10 The
pumping action 1s dependent upon a piston which merely compresses
the pump chamber The volume of this pump 1s adjustable to a max-
mum of 6 hiters of blood per minute

The vanes of these valves are supported 1n the center There 1s a
small stamless steel support across the orifice This valve 1s tygon with
an mner support of stamless steel The chamber consists of tygon and
has no restoratory power It can only fill by gravity The shde shows
the inlet and outlet valves

Figure 11 shows the form of pressure curve mside the chamber The
cycle can be followed readily from this pressure curve When 100 liters
of blood 1s pumped through a four-foot length of %-inch tubing n 30
munutes, the plasma hemoglobin increases 067 mgm % Should the
power fail, you can operate the pump by hand by simply squeezmg the
chamber

VALVE ASSEMBLY

-==H

E J — INLET VALVE
STAINLESS STEEL
VALVE SUPPORT : o
Putdr CHAM
"
v/
VAL € VA IE SUPPURT /
| o
'
! i
€TYGON VAELVE JANE \] [ 1]

[ [
v J OUTLET VALVE

Fic 10 The valves are the most important portion of tlus pump Thev are
competent, rapid m action and causc no trauma Excepting for the valve
housmngs, which are made of stamnlcss steel, the entire mnner surface 1s of
tvgon (S-22-1) and 1s disposable  (Poth)

J



Discussions on Pumps 35
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Fic 13 Shows balance of “take up” and “vield up” for
three hours of use (W esolowski)

monary artery was occluded by ligature Blood was otygenated with
homologous Iungs In addition the bronchal venous return was aspl
rated fnto the pump system via a cannula inserted into the left atrium
this was necessary to attamn a strictly non pulsatile flow by preventing
pulsatilo cjection of the small return to the left heart. Blood was then
pumped into an clevated open reservorr from wlich the entire systemic
arculation was perfused by gravity through a cannula in the left sul-
clavian artery On the right of this slide the middle blood pressure trac

ing demonstrates the strictly non pulsatile character of the perfusion.
Figure 13 demonstrates that during the average 2 hour period of non

pulsatile perfusion the blood pressure remained remarkably constant at
about 115 mm Hg while the pump output stmilarly remained constant
at125 ¢ ¢ /g /minute Dunng non pulsatile perfusion maintatned for as
long as six hours the blood balance at the end of perfusion was cssen-
tialh zero and the animal exhibited no “teke up” or "yicldmg up” of
blood PSP studies of renal excretion demands for anesthesia and vas

cular reactivity to vasoconstrictor and vasodilator drugs remained

normal during the non-pulsatile perfusions when compared to animals

perfused with pulsatile flow s
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I think, howevei, that this type of pump 1s hard to keep stable with
the caval pressuie at any level above complete emptying

Therefore, the pump we are usmg m Atlanta 1s the Sigmamotor We
handle the collapsing problem in this manner The venous pressure
1s kept a little above noimal by suckig excess blood mto the oxygen-
ator, with the aiterial pump left constant When one of the cavae should
collapse, mncieased suction 1s forced on the other one which 1s apt to
collapse also Particularly helpful 1s a manometer connected to the
venous reservorr The usual suction 1s about 25 mm Hg If the vena cava
collapses, the suction here rises rapidly to about 200 mm Hg and we
can tell from that that 1t has collapsed and turn down the venous pump
after temporarily pinching the tube to 1elease the vem We favor con-
stant venous suction achieved by an m a closed venous reservon We do
not use gravity dramnage to avord the necessity of adjusting both the
syphon suction and also the venous pump, and to avoid any constriction
used to adjust the formes

SIGMUND A WESOLOWSKI, Biooklyn, NY I should like to com-
pliment D1 Bahnson and Dr Melrose on then fine piesentations and to
show two slides that summatize results demonstrating that for periods of
time of at least six hours, a stiictly non-pulsatile flow 1s as efficient as
a pulsatile flow dwing complete by-pass of the heart and lungs Figme
12 shows the schematic circuit for by-pass of the heart and lungs using
pumps and 1solated homologous lungs Blood was quantitatively aspi-
rated out of the 11ght atilum mto the pump apparatus, the mam pul-

—(155¢cm above
heart lavel)

BEFORE DURING AFTER

Fic 12 Schematic arcutt for by-pass, usig pumps and 1solated
homologous lungs  (Wesolowshi)
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vessel During rotation the ¢ lmdcrs become coated with blood which
is thus spread out in 1 thin Iwer and offcrs a considerable contact sur
face to the atmaspherc in the oxvgenator The gases are supplied in
sutable proportions to the basin vin flow meters The basin wath its
collecting vessel 1s fixed in a metnllie trough The oxy genated blood
collects in the collecting vessel and is pumped from it by the pumping
device back ta the patient s artcril sustem

Ties 14 15 wd 16 Functioning units
of pump used by Senning

In patients welghing more than 20 kg two basins containing 12
rotating cylinders arc used For heavier patients a pre-oxygenator is
added In this 50-100 ml of oxygen 1s allowed to pass a filter with a
porosity of 34 mucrons directly into the blood before its passago
through the machine When one basin is used the machine holds 16
liters of blood, 2.1 liters being required when two basins with 12 cylin
dlen m}']e used and 2.4 liters with pre-oxygenator In addition the ma
chine has a reseroir containing one liter of blood for
o o s g compensaton of

The hemolysis durning the operations has been 15-55 mg# except in
one patient When fresh human blood s recirculated in the pump and
the tube system without cwnulae m vitro it results in hemolysis
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One further pomnt concerning pump machnes 1s worth repeating and
stressing This 1s the problem of safety of the apparatus Safety 1s
essentially a matter of control devices Certain apparati, mcluding
certamn continental ones demonstrated at the recent artificial heart-lung
symposium 1 Tunno, Italy, are beautifully resplendent with all sorts
of control devices, both mechanical and electronic It appears self-
evident, however, that the safest machme will be the one which 1ncor-
porates nto 1t by the nature of its design the maximum control and
requires therefore, a munimum number of compensatory safety devices
In other words, the 1deal machine, like the 1deal wife, 1s that one which
necessitates the mmimmum of control

DR MICHAEL DeBAKEY, Houston, Texas I would like to clarify
some possible errors 1n statements about our rotary pump First, there
1s the problem of whether or not 1t 1s necessary to have complete or
mcomplete occlusion of the tubing In our early work 1t was apparent
that total occlusion was not necessary and was possibly harmful Alter-
ation 1n the rotary rate of the roller arms was the best method of
controlling or regulating the rate of flow Moreover, 1n studies concerned
with hemolysis produced by the rotary pump we found 1t was better
not to have complete occlusion but partial occlusion Apparently no
difference 1n degree of hemolysis was noted at varymg degrees of
partial occlusion of the tubing The degree of negative pressure created
by the pump appeared to be more significant 1n producing hemolysis
than the degree of positive pressure Second, in studyimng factors con-
trolling rate of flow through the pump, we found that the resistance to
both mnflow and outflow were the most sigmficant particularly when the
tube was partiallv occluded Thus, no matter how fast the pump rotated
the outflom was controlled by resistance The same was true for the
mflow We concluded on the basis of these and other eaperiments that
the roller type pump v as the most satisfactory mechanmism for propel-
ling blood 1n a closed sy stem

DR AKE SENNING Stockholm, Sweden The machine we use has
been developed at Sabbatshergs Hospital Tt consists of an oxygenator
and a pumping device combined with a regulating umt, Figures 14,
15 and 16 The blood 1s withdrawn from the patient’s venous system
and comesed by gravity mnto the osvgenator via a flow meter The
ovy genator consists of « basin contaming siv disposable rotating cyln-
ders of perforated plastic forl By rotation of the cylinders the inflowing
blood 1s comveved to the outlet end of the basin and 1s collected 1n a
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amounting to 0.5 mgZ per cach passage Corresponding tests with the
two basins and 12 ¢y linders gne a hittlo less than 1 mg of free hemo
globin cach time

In our ovygenator laboratory we havo been using bubble oxy genators
of different types DeWalls cte. They are simpler and have sovernl
advantages but in my hands hubble oxy genators gave higher hemoly sis
and protein changes I cannot say that there is a better survival rate
with the one or the other and it secems up till now more important
what team is driving the machine than what typo of machine they use
What has to he made now is a more thoughtful study of bleod changes
biochemical changes enzymatic changes and cell permeability That
perhaps can give us an 1dea of differences not now evident

DR. I H RYGG Copenhagen We have for the last one and a half
vears used an cccentric roller pump of the occlusive type and we are
very satisfied wath its function

Figure 17 shows you the heart lung machine with the eccentric
roller pump at the nght. For several reasons we wanted to have this
tvpe of pump Figure 18 shows you a diagram of the principle used in
this pump-oxy genator Blood from the caval vens and from the vacuum
chamber used for aspiration of the cardiac blood during operation is
led to the oxygentor by gravity Thus pumps in the inflow lines of the

VACUUM CHAMBRE

OXYGENATOR
+
THERMOSTAT

SCALES REGULATOR
Fic 18 Diagram of cureuit of pump oxgenator used by Ryge
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Fic 17 Eccentric roller pump used by Rvgg See text on page 39



THE HELIX RESERVOIR BUBBLE
O\YGENATOR AND ITS CLINICAL
APPLICATION

By

Ricamrp A DeWar,, M D,* Herserr E Wanoen, M D,
and C Wavrrto~ LiLener, M.D

Tmz HELD: reservorr bubble oxy genator has had repeated clinical
application as an aid to open cardiac surgery since May of 1955 at
the University of Minnesota Hospitals A number of other groups as
well, have found a bubble oxygenator and perfusion system
similar to that described 1n this paper to be of value

The successful outcome of visual mtracardiac surgery 1s de-
pendent upon the design of the perfusion apparatus and its
method of appheation the use of proper surgical techniques and
appropriate postoperative management of the patient. Manv
aspects of perfusions pertinent to the latter two categories men
tioned are common to all systems of extracorporeal circulation

THE HELIX RESERVOIR BUBBLE OXYGENATOR

The helix reservoir bubble oxvgenatort (Figure 19) consists of
three major components the blood-oxygen minng tube the de-
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machine aie avoided From the ovygenator—that 1s a plastic bag one—
the blood 1s 1eturned to the patient by means of a pump which 1s the
only one needed n this system By using an occlusive eccentric roller
pump for this, we have at the same time a very accurate flowmeter

The oaygenator 1s suspended 1 a thermostat case and placed on a
pan of scales to secuie a constant blood volume in the oiygenator
system The weight of the oxygenator 1s kept constant by adjusting the
pump to keep the scale indicator permanently at zero This adjustment
can either be done manually o1 by means of an electronic device The
scales have proved to be a great advantage and have made 1t possible
m a sumple way to keep the extracoiporeal blood volume within varna-
tions of 10 grams
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to 1 flow of g1s up to twelie hiters per mmute This maximum
quantity 15 considerably more than has been needed in climeal
usage The pressure m the gas Ine durmg the perfusion will he cle
vated also by an amount equal to the lndrostatic pressure of hlaod
whieh the column of gas supports in the mivmg tube The blood
ovigen mmung tube empties from its top into a debubbling
chamber Tlus chamber 1s designed to separate the excess oxygon
and carbon diovide from the arterialized blood A double barrel
muung tube and debubbler is used for perfusions over 2500
ce/minute (Inset Tigure 18) This provides the larger debubbling
surface necessan for these higher perfusion rtes A spare sterile
debubbling chamber 1s alwavs available that can be used to re-
place one mn operation without mterruption of the perfusion
should 1t become ineffectiv e during a prolonged bypass

The blood flows by gravity through the debubblng chamber
and empties mto the hehical reservoir where effecthve removal
of any free gas remaining in the blood is achieved The helieal
reservofr performs thus function by taking advantage of phvsical
forces which are synergistic Free gas remammng mn the blood
giwes 1t a lesser density than normal blood and consequently this
less dense Dblood is forced upward by hydrostatic pressure This
Lighter blood containing free gas therefore laminates on the upper
layer within this tube As the flow of blood 15 down the inclined
plane of the helix, the heavier gas free blood descends by gravity
beneath the lighter gas-containing blood forcing it continuously
upward This lamination of the flow 15 present as long as blood
of the two densitics is present however after a short transit down
the tube the lighter gas containing blood coalesces rises upwards
and oxy genated blood, free of the excess gas flows to the bottom
of the helical coil where it leaves through the arterial filters

All of the plastic components of the helix reseryoir oxygenator
which are 1n contact with the blood are made of a pure poly
vinvl plastic hose * sterilized in the steam autoclave before use
and are discarded after one application as therr cost is less than

the expense or potentml dangers to the patient of attempting to
clean and reuse them

Mayon Plastics 413 17th Avenue North Hophlns \funesota,
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bubbling chamber, and the helical 1ese1von , i addition other units
are the aiteual filter, the vena caval diamage 1eservon (Figuie
20) and the cardiotomy 1etuin system (Figuie 21) The size of the
oxygenator 1s adapted to the size of the patient and the deswed
peifusion 1ate (Table I) The blood-oxygen mixmng tube 1s a vert:-
cal column m which the venous blood 1s filmed upon the surface

TABLE 1
Dmensions ror HeLix ReseErvoir BuBnLe OX1GENATOR

Internal Diameler (Inches) and Length (cm )

Perfusion Rate

Mazaing Tube Debubbler Heliz
to 1B7ID 23"ID ¢t 1"ID
1000 cc /min 65 cm 55 cm 350 cm
1000 cc to
2000 cc /min 80 cm 55 cm 450 cm
2000 cc to
2500 ce /min 95 cm 55 cm 550 cm
*2500 cc to 2 cach 2 cach
5000 cc /min 65 cm 55 cm 650 cm

* For these flow rates a double system 1s used as illustrated 1n Figure 19, msct

T This hose 15 also used for the vena caval gravity dramage reservorr and the cardi-
otomy return reservoir The later two chambers are made thirty centimeters i length
(Figures 20, 21)
of large bubbles of oxygen This mixtme gently 11ses m the mix-
g tube due to the venous blood entermg and the flow of oxygen
passing up the tube At the base of the mixing tube 1s placed a
nylon plastic cylinder closed at the top by a nylon plate This
plate has a cential perfoiation laige enough to accommodate the
conduit carrymg venous blood fiom the patient to the oxygenator
This hole 1s sunounded by twelve dozen perfoiations appioxi-
mately the size of a No 23 hypodermic needle bore Oxygen 1s
directed 1nto the base of the mining tube thiough these perfoia-
tions A piopetly designed ovygen dispeision plate should present
a mimmal resistance to the mnflow of oxygen If this 1s not the case
and ovygen 1s mtroduced unde: unusual foice, the energy gen-
erated as measured l)} the pressuie i the Iine tiansmitting oxygen
to the system will be m]parted to the blood via the gas jets causing
unnecessary hemolysis The oxygen dispersion plate as desciibed
above presents only a few millimeters meicury pressure resistance
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The Caval Draunnge System
A grvitv drunage system of the vena cavae is preferred to
direct pumpmg as the former aids in preventing abnormal pres
sure nses developmg in the patients venous systom Tigurc 20
lustrates the syvstem used The lower portion of tlus well does
not need to be more than twenty inches below the level of the

AR VENT
(GAUZE COVERED)

Fic 20 The Vena Cavae Gravity Drainage Svstern The matn body of the
chamber is made of the sume flexible polvvinyl hose used for the debubbler
chambet Its internal dumeter 1s 2 5 inches and it 13 twelve inches in length
Thus vessel iz placed closo to the operating table and at the start of the per
fusion its base 15 about twent inches below the patient « cavae After the
pglnfl\l\::-ln hvhml}l]ted 1[;11 elevated untl] an optimum return from the cavae is
Q LD which 1% o 18

e un:;-u about twelve inches below the level of the cavae or
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F1c 19 The Hens Rosason Bubble Ows genator All of the plastic components
are made of a pure flesible polyvinyl plastic tubing wlhich are autoclaved
beforc usage After onc application the tubmg 1s discarded A water bath
mamtams the arculwmg ctracorporcal blood at bodyv temperature The
pumps are the Stgmamotor type (see text) Note the cardiotomy rcturn and
gravity caval dramage chambers, respectively, attached to the table m lower
foreground (Insct) For perfusions over 2500 co mmute, a double minng
tube ind debubblar wrc used with the smgle hedis reservorr (De Wall)
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Fic 21 The Cardiotomy Return System This vessel i also made of a 2 51nch
1D polyvinyl plastic tube twelve inches 1n length, This chamber 15 eqmpped
with two nlets one for the direct aspiration from the patents open heart
The other is & reserve tube clamped when not in nse but used when a large
loss from the open heart 13 expected such as i patients with mutral disease
and some degres of aortlc regurgitation A considerable blood loss also may be
antierpated in older cyanotic patients due to their large bronchial collateral In
cases such as these the second nlet to the cardiotomy retwrn chamber can be
attached to a catheter which 1s placed into the rght or left atnum depending
upon the mdications It also can be used to catheterize an anomalous left supe
nor vena cava when encountered. The mercurv trap bottle can be any swiable
contaner The metal adaptos are one-quarter mch internal diameter The air
vent controls the suction at about twenty millmeters of mercury, Should
the occasion ense to remove a large quantity of blood in o hurry the alr
vent can be closed by occluding the plastic adaptor on the end of the tube
After the need for increased suction has passed this clamp can be released
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patient s cavae After the start of the perfusion this chamber may be
adjusted to a suitable level dependent upon the particular pa-
tients venous pressure, blood volume, and the flow rate bemng
used This level 15 often found to be about twelve mches below
the level of the cavae If the reservon 1s placed too low, the
siphoning forces of the column of blood may become excessive
and tend to occlude the cavae agamst the catheters

The Cardiotomy Return System

In clinical operations the need for returning to the extracor-
poreal svstem the blood from the cardiotomy 1s without question
Figure 21 shows the method used A three-eighths mch mternal
diameter polviinyl hose 1s used to conduct the blood from the
aspirator to the collection chamber This hose size will return
a greater quantity of blood with less vacuum than a smaller hose,
but 1t 15 not too large for convenient mampulation The aspiration
vacuum 1s set for about twenty millimeters of mercury but can
be altered as the indications arise The lowest aspiration pressure
that 1s effective 1s desirable, but hemolvsis does not come as much
from a high suction force per se as from the turbulent mixing
of air with the blood

If the occasion arises to remove rapidly a large quantity of
blood, as from the heart of a patient with mitral disease and some
aortic valve mcompetence, some patients with aortic stenosis, or

mn patients with cyanotic heart disease and a well developed
bronchial collateral the lugh vacuum source can be used without
a proportionate mcrease mn trauma to the blood as minimal
amounts of air are mixed with the aspirated blood m such situa-
tions When the need for the removal of such large quantities of
blood passes, the suction 1 the cardiotomy collection vessel can
be returned to the desired level by release of the clamp on the
air vent hose The cardiotomy aspiration chamber 1s placed as
close to the floor as practical as this increases the siphoning
effect on the aspirator tip without need for mcreasing the
vacuum source To reduce the resistance i the aspiration tube
itself, 1t should be as short as practical usage permits The aspira-
tor should also be held as horizontal as possible, as each centi-
meter of vertical elevation of the handle increases the vacuum
necessary to move the column of blood
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Fre 21 The Cardiotorny Return System Thus vessel is also made of 2 2 5 inch
ID polwvinyl plastic tube twelve inches m length Thus chamber is equipped
with two inlets one for the direct aspiraton from the patients open heart
The other 15 a reserve tube, clamped when not in use but used when a large
loss from the open heart is expected such as in patients with mitrnl disease
and some degree of nortic regurgitaton A constderable blood loss also may be
anticipated in older cyanotic patients due to therr large bronchial collateral In
cases such as these the second Inlet to the cardistorny return chamber can be
attached to a catheter which is placed into the right or left atnum depending
upon the indications It also can be used to catheterize an anomalous left supe

1ot vena cava when encountered The mercun trap bottle can be any suitable
contmner The metal adaptors are one-quaiter mch mteroal diameter The anr
vent controls the suction at about twenty milhmeters of mercun  Should
the occasion arise to remove a large quantity of blood in a burrv the air
vent can be closed by occluding the plastic adaptor on the end of the tube

After the need for Increased suction has passed this clamp can be released
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A second connection 1s made available m the caidiotomy re-
tuin chamber which can be connected to a second aspnation tip o1
catheten This can be used to catheternize an anomalous left su-
peuor vena cava, o1 if a large blood loss 15 anticipated as with
patients such as desciibed above the catheter may be placed mto
either atiium depending upon the mdications

Ovygen Supply to the Oxygenato

Vaiious 1espnatory gas mixtwes have been used m the helix
1eseivon oxygenator, however none has had demonstrable ad-
vantages over the use of 100% oxygen We have found no evidence
of “oxygen touicity” under the conditions m which 1t 1s used
this apparatus The oxygen mput to the miang tube 1s thiee to
five times the blood mput Duwing all peifusions 1epeated de-
terminations of ovygen content and oxygen capacities have been
made on the oxygenated blood These values aie 1outinely
checked after the peifusion The artenal blood leaving the oxy-
genator 1s mamtamed at 95%-98% satuation

Connectors and Filters

Some of the hemodynamics that are concerned with connectois
and filters have previously been desciibed * Suffice 1t to say that any
dead space at connections must be avoided as such a defect may
form a potential aiea for fibimn and platelet clot formation due
to eddy curients at these sites We have designed stainless steel
connectors and adapters®, smoothly polished mternally and with-
out abrupt shouldeis o1 other obstructions, which obviate much
of the potential tuibulence at these sites

At the present time we aie usmg standard infusion set filters
These filter caitridges are fitted mnto a specially designed meth-
acrylate chamber which holds fow filtes umts For pe:rfusions
less than 2000 cc /mmute one chamber contammg fow filters 1s
used For perfusions over 2000 cc /minute two chambers contan-
ing eight filter cartridges are used Each filter caitiidge has a
filtration area of 50 square cm

© Made by Phelan \lanufacturing Company, 2029 Washington Avenue So,

\Minneapohs, Minn
1 Baxter Laboratories, Morton Grove, Illinos, Filter = CLFIB



IHelix Rescrcolr Bubble Oxygenator 49

We prefer an artenal filter which is ngid A supple sock like
filter svstem will tend to vibrte or flap within the blood stream
due to the pulsatile forces of the pump This oscillation mny dam
age the blood and cse deposition of fibrm which may embolize
beyond the filter mechamsm Obvioush a poorly designed arterinl
flter can cause more difficulty than no filter at all

Connecting IToses

A one-quarter inch internal diameter polyvinyl tube is used
to connect the patient to the oxygenator for perfusions up to
1500 cc /mmute Above 2000 cc /minute the resistance m this
size tubing becomes significant which m turn 1s reflected in #
reduced efficiency of the pumps Therefore three-eighths inch
mternal diameter plastic tubing 1s used for all perfusions over
1500 cc /minute

Preparation and Stenlization of Plastic Tubing

The new polyrviny] tubes are cut to the desired lengths and
washed with a laboratory detergent * After thorough rinsing 1n
water and coating the indicated areas with the antifoam silicone
the open ends of the tubes are wrapped with gauze wlich is held
m place by special self sticking autoclave tape Each hose 1s
then wrapped n 2 double thickness canvas The wrapped hoses
aro then placed nto an autoclave taking care that one hose does
not overlie another as this will cause them to become mdented
when heated The autoclave {s then set for 230° F and twenty
pounds pressure for one half hour The hoses are then dried by
sething the autoclave to “steam exhaust™ and dned under a mild
‘acuum at 150° F for one hour to three hours depending upon
the thickness of the sterilizing canvases This drying 15 an im
portant step and if omutted the plastic tubing will be opaque
rather than clear and transparent Many units can be made up at
a single tme and stored m the operating suite until needed Just
prior to the operation the various hose units are assembled taking

care not to contammate any of the parts which will
to the blood. P vhich will be exposed

Alconaz, Aleonox Inc. Jersoy City 4, New Jersey
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Siliconmg the Debubbler and Cardiotomy Return Vessel

Dow Coinmng Antifoam A°® 15 used to coat the mside of the
debubbling tube, the fiist twenty centimeters of the heln The
caval 1eservon and caidiotomyt 1etuin chambeis do not require
antifoam tieatment A gauze sponge soaked with the antifoam
emulsion 1s used to place a layer as thm as possible of the anti-
foam m the above mentioned umts puor to autoclaving If any
excess has pooled 1 these vessels after autoclaving, 1t 1s removed
by allowmg 1t to cham out of the tubmng before assembly A very
thin coating of antifoam will perform 1ts function better than a
thick coat as this substance 1s active 1 a concentiation of 1 pait m
10,000,000 If a great excess of antifoam 1s apphed to the system,
1t can be swept mto the aitenal tiee as emboli The debubbling
smface m the debubbling tube 1s mcieased for laiger flows by
the placement of a small coil of plastic tubing also thinly coated
by wipmg with the antifoam substance mto the tube

Priming the Helical Reservoir Bubble Oxygenator

The oxygenator 1eservon 1s pumed to contam a quantity of
blood sufficient to provide a one-minute cucuit time thiough the
oxygenator The appaiatus 1s therefoie tailoied to the size of the
patient and the expected peifusion 1ate The one-mute cncuit
time provides an adequate time inteival for complete contiol
of the patient’s blood volume and the peifusion duing any un-
foreseen temporary mmbalance between outflow and mflow that
may ause For example, should there suddenly develop a dinnu-
tion m venous 1etmin because of some unexpected blood loss,
the team has up to one minute to adjust for the difficulty without
the necessity of decieasing the aitenal perfusion to the patient

A constant tempeiatuie water bath 1s kept available m the
operated suite, and the hepaimized blood bottles aie placed mto
this bath several hours befoire the surgery to be swe that the
blood has attained body temperature befoire 1t 1s used The tem-
peratuie of this bath 1s set at 41° C Those bottles selected to
prime the oaygenator aie each matched with all others They aie

° Dow Coming Corporation, Midland, Miclhigan
} In patients wherc an unusually large blood loss may be anticipated we coat the

cardiotomy reservoir with a thin film of Antifoam A
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placed in the venous reservoir of the ovvgenator put through
the blood ovgen muing column for arterialization and subse
quentls fill the heliv The ovigen flow mto the muang column
is adjusted so that 1t 1s barels adequate to push the blood through
the mixing column This prevents the ox gen tension from reach
g unusually high levels dunng pnming The priming blood should
be as warm as or shightly warmer than the water bath (41° C) that
surrounds the helin reservoir If the priming blood s colder than
the helix bath the dissolved oxvgen will come out of solution as
the pnming blood 1s warmed wathin the hehx reservorr water bath
Many minute bubbles will then be deposited upon the walls of
the helix conl If such a circumstance does occur 1t is better to
wait 2 few mmnutes until the temperature of the blood in the helix
coil has equilibrated with that of the bath and until all the evcess
oxngen 1n solution has been removed from solution to the walls
of the tube The perfusion can then be started These minute
bubbles will not move out of the helix as bubbles but will be
absorbed by the blood which will subsequentls pass through the

helix reservoir

Pump Calibration and Perfusion Rates

The pump used 1n all of the chinical cases has been the Sigma
motor pump® which has proven to be efficient and dependable
mn all these perfusions As the weight of each patient 1s known an
approximate perfusion rate is selected for him dependent upon
his size and diagnosts The arterial pump 15 then set by means of
a stopwatch used to measure the rate of pumpmg stenle dextrose
mto a graduate The enous pump 1s set up approximately at the
same level but 15 altered dunng the perfusion dependent upon
the venous dramage and the cardiotomy return The perfusion
rates are varied from fiftv to one hundred cc /hg bodv weight,
with the mfants requinng the higher relative perfusion rate As
Cvanotic patients have an appreciable bronchial collateral, and
consequent shunting of blood from the aorta to the heart, they
will often receive as much as twenty per cent more blood durin
the perfusion than the acvanotic The actual flow rate utilized fop

Sigmamotor Inc 3 North Main Street, Middleport, \ew Y used
Models T-85 and TN il o tork Fumes e
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Siliconing the Debubbler and Cardiotomy Return Vessel

Dow Corning Antifoam A°® 1s used to coat the mside of the
debubbling tube, the first twenty centimeters of the helix The
caval reservoir and cardiotomyt return chambers do not require
antifoam treatment A gauze sponge soaked with the antifoam
emulsion 1s used to place a layer as thin as possible of the ant-
foam 1n the above mentioned units prior to autoclaving If any
excess has pooled m these vessels after autoclaving, 1t 1s removed
by allowing 1t to dramn out of the tubing before assembly A very
thin coating of antifoam wall perform its function better than a
thick coat as this substance 1s active 1n a concentration of 1 partm
10,000,000 If a great excess of antifoam 1s applied to the system,
1t can be swept into the artenal tree as emboli The debubbling
surface 1 the debubbling tube 1s increased for larger flows by
the placement of a small coil of plastic tubing also thinly coated
by wipmng with the antifoam substance mto the tube

Priming the Helical Reservoir Bubble Oxygenator

The oxygenator reservorr 1s primed to contamn a quantity of
blood sufficient to provide a one-minute circuit time through the
oxygenator The apparatus 1s therefore tailored to the size of the
patient and the expected perfusion rate The one-mnute circuit
time provides an adequate time mterval for complete control
of the patient’s blood volume and the perfusion during any un-
foreseen temporary imbalance between outflow and mflow that
may arise For example, should there suddenly develop a dimmu-
tion 1 venous return because of some unexpected blood Ioss,
the team has up to one mimute to adjust for the difficulty without
the necessity of decreasing the arterial perfusion to the patient

A constant temperature water bath 1s kept available in the
operated suite, and the heparinized blood bottles are placed into
this bath several hours before the surgery to be sure that the
blood has attained body temperature before 1t 1s used The tem-
perature of this bath 1s set at 41> C Those bottles selected to
prime the owyvgenator are each matched with all others They are

° Dow Comning Corporation, Midland, Michigan
} In patients w here an unusually large blood loss may be antiapated we coat the

cardiotomy resens oir with a thin film of Antifoam A
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Anticongulants

Twents nuthigrams of hepurm in 20 ce 5% destrose is added to
e1eh 500 ce unit of blood The collection bottle should be rotated
contmully wlile the blood 15 bemg drawn to insure tdequate
mixing Tlus amount of hepnn 1s sufficient to inlubit clotting
from the time of afternoon collection until 1t 1s to be used the
following dw The umts of blood not used at the surgical pro
cedure are returned to the blood bank where sodium citrate 15
added and the blood is taken over for general usige

Ordinary bank blood (collected m ACD solution) 15 used for
blood replacement requirements up to the time of hepanmization
of the patient wd 1nsertion of the cannulze Immediately after
the perfusion 1s concluded and protamme has been given the
citrated blood 15 agan used for all replacement needs

PREPARATION OF TIIE PATIENT
Weighing of the Patient

The patient 1s weighed nceurately 1n the operating suite before
bemng anesthetized and immediately after the operation. This has
proven to be the most accurate and rapid method to ascertam the
patient s blood volume 1mmediately after the perfusion

Temperature Control

A water circulation blanket 1s used on the operating table to
maintam the pihent eathermic throughout the operation A con
stant recording rectal thermometer 1s used to monitor the patient s
temperature while he 1s on the blanket and the thermal blanket
is altered to the degree necessary to mamntam the patients tem
perature at the desired normal level

For successful chnical perfusions of any apprecable duration
external heat must be applied to the blood circulatmg through
the extracorporeal apparatus (1) to prevent a fall m the patient s
body temperature with the consequent cardiac depressing effects
of hypothermia ond (2) to prevent air embolism If the blood 1n
the pump on genator (whether 1t be bubble film or membrane
tvpe) 15 allowed to cool significantly 1t wall release oxy gen bubbles
from the plasma upon entenng the arterial svstem of the warmed
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a particular patient depends upon the monitolng clectroen-
cephalogl am and systemic blood pressute as mdicated below

Evaluation of the Peifusion

Electioencephalogiams aie monitored thioughout the peifusion
as are mbialuminal artenial piessuies by means of a polyethylene
catheter m the mteinal mammary aitery If the electroencephalo-
gram does not 1emamn approsmmately the same as 1ts preoperative
tiacing, the perfusion 1ate 1s mereased until the electroencephalo-
giam tiacmg has sufficiently impioved

BLOOD PREPARATION
Tmme for Blood Collection Prior to the Perfusion

Piobably the best time fo1 the collection of blood to be used for
pruming and 1eplacement duimg a perfusion would be immed:-
ately pr1o1 to 1ts actual use In practice usually we have collected
the blood the afteinoon before the mtended peifusion This allows
ample time for proper collection and unhwinied ciossmatching
After the blood 1s collected, 1t 1s stored m the usual blood bank
1efiigerator until time for its use *

Conditions for the Collection of the Blood

The blood 1s diawn by giavaty without vacuum mto siliconized
bottles We feel that the fiothing produced by the usual vacuum
bottle 1s damagmng Sometimes “arterialized” venous blood® 1s
drawn i an amount adequate to prime the oxygenator This aiteri-
alized venous blood has the advantage of contaming fewer acid
metabolites than venous blood, especially 1if there 1s some stasis in
the arm when the blood 1s drawn However, carefully drawn venous
blood artenalized m the ovygenator also 1s satisfactory for priming
the osygenator The gam from using arterialized venous blood to
prime the oxygenator may not be great enough to wairant the
extia effort required to obtamn 1t The priming blood 1s intercross
matched, while the remamder of the bottles aie only cross-
matched with the patient

o The Blood Bank at the Unnersity of Minnesota 1s under the direction of
Newell Ziegler, M D
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Anticoagulants

Twenty milligruns of hepnm m 20 ce 57 dentrose s added to
¢ach 500 e unit of blood The collection bottle should be rotated
continually while the blood 1s buing drawn to Insure adequate
mixing This amount of heprin s sufficient to mhibit clotting
from the time of afternoon collection until 1t 15 to be used the
following day The umts of blood not used at the surgienl pro-
cedure are retumed to the blood bank where sodivm atrite 1s
added and the Dlood 1s taken over for general usage

Ordinary bank blood (collected m ACD solution) 15 used for
blood replacement requirements up to the ime of heprinization
of the patient and msertion of the cumule Immedintely after
the perfusion is concluded and protamme has been given the
atrated blood is agam used for all replacement needs

PREPARATION OF TIIE PATIENT
Weighing of the Patent

The pitient 1s weighed accurately m the operating smite before
bemg anesthetized and immediately after the operation This has
proten to be the most accurate and rapid method to ascertan the
patient s blood olume immediately after the perfusion.

Temperature Control

A water circulation blanket 15 used on the operating table to
mawmtain the patient cuthermic throughout the operation. A con
stant recording rectal thermometer 13 used to momtor the patient s
temperature while he 15 on the blanket and the thermal blanket
is altered to the degree necessary to mamtain the patient s tem
perature at the desired normal Jevel

For successful clinical perfusians of any appreciable duration,
esternl heat must be apphed to the blood circulating through
the extracorporeal apparatus (1) to prevent a fall m the patient s
body temperature with the consequent cardiac depressing effects
of hypothermia, and (2) to preent 1ir embolism If the blood in
the pump ovygemator (whether 1t be bubble film or membrane
tvpe) s allow ed to cool sigmficantly it will release oxy gen bubbles
from the plasma upon entermg the wtenal system of the warmed
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patient In the system herem described the helix 1eservorr 1s 1m-

mersed m a water jacket theimostatically contiolled at 41° C
By these methods adequate temperature control has been

1egularly achieved for perfusions lasting more than one hour

Cannulations

A common femoral aitery catheter will provide the easest
access to the patient’s artenal system, and elminates some of the
dissection withm the chest This vessel may occasionally be of
msufficient size, especially m mfants and n these patients the
left subclavian artery can be used for the arterial cannulation
Subclavian artery cannulations have the theoretic danger of pro-
ducing turbulent lets of blood at the origins of the mnomimate o1
left carotid arteries and thus mcreasing the resistance to blood
flow to the bran, however, we have never actually demonstrated
this to happen If for some reason a right subclavian artery can-
nulation becomes necessary, the catheter should not be mserted
far enough mto the vessel to occlude the right common carotid
origm The vena cavae catheters should be placed well nto
the cavae and have multiple fenestrations The cross-sectional area
of the caval catheters should be about one-half the cross-sectional
area of the cavae Larger caval catheters will prevent adequate
atrial fillmg when the perfusion 1s not m progress, and smaller
catheters may have unnecessary resistance to adequate drainage
of the cavae during the perfusion

Heparmization of the Patient

Two and one-half to three milligrams per cent heparn m the
circulating blood has proven to be a safe anticoagulation level for
perfusions lasting up to ninety mimutes Time intervals beyond
this have not been mvestigated climcally If the circulating
heparin during the perfusion 1s less than two milligrams per cent,
the blood may clot after about twenty mmutes The heparmn level
m the priming and replacement bottles 1s about four milligrams
per cent (20 mgm /500 cc bottle) The blood volume of the
patient can be estimated (10% of his body weight) and a quantity
of heparin given to the patient to provide for him a heparin level
after dilution by the priming blood of 25 to 30 mg % Therefore
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the heparin dose gisen to the patient 1s dependent upan hus size
and the size of the reserveir For infants and children 15 mgm
heparin per kg bods weight will suffice while adults may require
from 2to 2 5 mgm heparin per kg bodv waght

Protamine Requirements to Neutralize Hepann

Adequate hemostasis in these patients after the procedure is a
necessity as the heparinized patient mayv e espected to bleed
more than an unhepanmzed patient undergomng a thoracotomy An
emprric dose of protamme sulfate 1s given to the patient 1m
medntcly after the perfusion This quantity is equal to two times
the hepann dosage admimstered at the tme of wmitial heparim
zation The final heparin level of the patient is somewhat higher
than the amount imtially gnen to lnm due to that added from
the replacement blood and from the ovvgenator

As soon as the chest tubes are placed pnor to closure they are
attached to 7 suction source This practice allows mesurement
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and 1eplacement of blood which may collect while the chest 1s be-
mg further closed as well as to prevent coagulation and obstiuction
of the di amage catheters

RECENT RESULTS

Over thiee hundied and fifty dnect-vision mtiacardiac swmgical
procedures have been done at this hospital utihzing extracor poreal
perfusion techmques The 1esults of the first 305 of these pro-
ceduies have pieviously been ieported ' The cases shown m
Table II aie the consecutive unselected cases done by the authors
smce this previous 1eport In these forty patients, all undeigong
1eparative smgery for a wide vauety of congemtal and acqured
cairdiac lesions using the apparatus and prmnciples desciibed above,
there has been only one postoperative death, a mortality rate of
2 5% It might be mentioned that six of these patients had total
bypass proceduies lasting one how o1 moze
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THE STATIONARY VLRTICAL SCREEN
ONYGENATOR

By

Jous W RirkLiy, M D., Riciiano A Tneve, MD,
and Rosert T Patrick, M D

TI[E staTiIonam vertical screen oxy genator was devised by
Gibbon and the onginal models were engmneered by The Re
search Laboratories of International Business Machines The Sec
tion of Engmeermng of the Mavo Clnic made modifications in
the dewign of the origimn! Gibbon oy genator and constructed
the ox genator herewn desenibed *f Details of the ot genator de
scribed heremn and data on 1ts use and performance are not neces
sanly applicable to other available statiopary vertical screen
oxygenators of somew hat different design

DESCRIPTION

Each stainless steel screen 15 305 em wide and 61 cm long
(Fig 22) The blood flows 1n a thin film down the screen and 1
oxposed to the gaseous environment 1n the oxygenator From the
upper ov genator reservoir the blood 1s evenly admitted onto
the top of cach screen through a weir or slit wlich extends
across the entire width of the upper edge of each screen (Fig 23)
The weir 15 16 em deep and at present 15 002 cm (0 008 inch)
wide This change from the previously described width of 0008
nch was made to obviate infrequent but distressmg plugging of

The authors are but the spokesmen for those members of the staff of the Mayo
Clinde who hwve bullt studied and cmployed this cquipment This group includes
m additwon to the anthors, \Mr Richard E Jones Drx. David E Donald H Je
Swan, Earl H Wood and H Fredene Helmholz, Ir

t Thas ovvgenator 1 now produced commerelally by the Custom En,
and Developinent Company 1427 1429 Sauth Ewfog, St Lows 4 A

57

Kineering
fssourt.
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Y.

Fic 22 Simgle oxygenator screen

the wens during perfusion of polycythemc patients Blood passes
from the bottom of the screens nto the lower oxygenator
reservolr A pump moves blood mto the upper oxygenator res-
ervorr at a desired rate of flow and the aitenal pump withdiaws
its blood from the lower oxygenator reservoir

The scieens and 1eseivous are encased by a lucite housing (Fig
94) Attachments are provided fo1 the admission of gas mixtures
and their venting From three to fouiteen screens may be used

The remamder of the flow carcuit and the control devices of
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Fic 23 Top of screens showing the slits through which blood is admitted to
the top of each screen

the modificd Gibbon type pump ovygenator in which the de
scribed oxygenator 1s used are not pertinent to the present dis
cussion Detauls of this have been published *

SPECIFICATIONS

Data regarding performance are given for an individual screen
the basic umit of this oxygenator

Flow —Flows varymng from 1685 to 230 cc per screen per
minute are employed Since from three to fourteen screens are
used, the range of flow through this oxygenator 15 from 500 to
3300 cc per mmute Although the oxygenator can be used with
flows per screen outside the range used less satisfactory over all
function of the oxygenator results

Oxygenation —One probable ady antage of the vertical screen
oxygenator s that its design is such that function of the oxygena
tor 15 susceptible to analysis on a physical and physiologic basis
which in turn mav lead to predictability of performance and
optimal design Mr R E Jones of the Section of Engincenng of
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the Mavo Climnc has recontly made such a theorctic malssis and
the data obtuned m our lnboritories to date confirm his conclu
sions m a genceral way

Dunng wholc bodv porfusion in human beings the arterial
blood has alwvs nd w oxy gen saturation of 85 to 100 per cent
when measured by cunvette oximetry Although the term “per cent
saturation” is that most commonly emploved for describimg the
state of oxvgenation of blood after its extracorporeal circulation
it appears to us more desirible to express 1t terms of oxygen
tension at the temperature of the pitient Figure 25 relates per
cent saturation to oxvgen tension m whole blood Data are avail
able on the oxv gen content of the blood leaving a screen under
the conditions existing during chnienl use From these datt oxy gen
tension can be estimated although it has not as vet been actually
measured by us (Table 1) These studies support the belief that
oxvgen tension n the range between 100 and 250 mm  of mercuny
at the patient s temperature is obtamed m blood which has passed
once across a screen under the conditions obtaimng during clni
cal use of the apparatus These arc as follows hemoglobin con
tent m the blood of 12 to 14 gm per 100 ec  venous hemoglobin
saturation of 60 to 80 per cent artenal carbon dioxdde tension of
29to 40 mm of mercury artenal pH of 7 35 to 740 temperature

TABIT T
(rigex Contrnt or BLoon ArrER OXE 1 A9 4GE \rRows ScRPEY*

1 enox Blood ! Arterial Blond
Mﬂmnor I ' } gtm.
e ( wtent  (apamty  Satwra Content | ( apoert o
| poeily

€ omnt U w  Td e tom  (Tolumer (Faamer G Slated

TerCenty Ier(ent)y Ierlemt Per(ent) Per Cent) f(:,,, of

Mercury)
150 3% 2 3 N7 180
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Fic 25 Osvgen dissociation curve of whole blood

within the oxygenator of 33 to 84° C, and patient tempeiatuie of
355to37° C

Carbon Diovide Elimination.—Although the theoietic consid-
erations undeilying caibon dioxide exchange in the oxygenator
have not been mvestigated, clinical expenience mdicates that
elmmation of carbon dioxide 1s adequate with this apparatus
Gases are waimed and humidified before entermng the oxygenator
Gaseous flow mto the oxygenator duing perfusion consists of
95 hiters of oxygen and 03 liter of carbon dioxide per mmute
This provides for a caithon dioxide pressure of 21 mm of mercuy
at a barometric pressure of 730 mm of mercmy This 1s a change
from the desciibed ongmmal use of this oxygenator m which
admuttance of caibon dioxide to the oxygenator was automatically
regulated by a pH meter In clinical cases, this system has never
heen used

Carbon dionide tension m the artenial Iine durmg perfusion
human bemgs, corrected to 37 €, has been found to be between
29 and 40 mm of mercury
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Blood Holdup —During usc of this ox genator 215 ce of blood
are in the upper oxygenator reservorr and betwecn 300 nd 550
ce in the lower ovvgen tor resenvorr depending upon the exact
point of scttmyg of the lcvel sinsing device Seventy cubic centt
meters of blood are on ¢ wh screen at a flow rate of 220 ce per
sereen

With three sereens for small mfants the holdup of the ox
genator 1s then between 725 and 975 ce of blood With eight
sereens to provide desired flow for a child seven years of age
for example the holdup is between 1075 and 1325 cc of blood
With fourteen screens for a large adult between 1500 and 1750
ce of blood are required to run the ov genator

Trauma —\lost commonly reported as mdices of blood trauma
are levels of hemoglobin m the plasma of blood wlich has
traversed the apparatus and the meidence of abnormal bleeding
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Milliliters of chest drainage until midnight the day of surgery

Fic 28 Drainage (most of which 1s blood) through intercostal tubes in
patients operated upon by means of the pump-oxs genator between Januan ]

and August 1 1937 \o patients had significant drainage after 12 p.m on the
dav of operation
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followmg operation m which the appaiatus has been employed

Figme 26 presents data on diamage thiough the mteicostal
tubes fiom the end of operation until 12 pm (mudmght) on the
day of operation m all patients operated on m 1957 These losses
aire not considered evcessive

Measwmiements of the concentiation of hemog]obm m the
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Stationary vertical screen oxygenator
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Fic 27 Concentiations of hemoglobm m plasma during the cnculation of
2000 cc of dog blood through the staionary vertical sareen oxs genator by 2
non-occlusnvcrollar pump A flow 1atc of 220 <o par sacen with finve sareens
m the ovvgenator was amploved, @iving a total oxvgenator flow aate of
1100 < pa mmute Concentrations of hamoglobm m plasma were deter-
mimed durmg sinty mmutes of cnculation through the pump and ovy genator
and than dunmg sty mmates of cnculation by the pump without the
osveenator Tt s conduded that the oxvgenator pa se produced 9 mg
of hemoglobm m plusm e i one hom undar those cncumstances ot
COMPArIson, siilar me saremaents sware mado with the plastic hubble tope
onvgenator under sl u cnammstinees aaeept tht the totaill oxvgonator
blood flow was 300 <o por minute
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plasm? dunng mternal areulation through a pump and oxygena
tor without a subject m the arcuit appenr to give more informa
tion on tmumn produced by the apparatus than do measurements
during perfusion In such an experiment camed out by Dris D C
McGoon and E W Terbers in our laboratories with detals of
the expennment as indicated m the legend for Tigure 27 the con
centration of hemoglobin m the plasma was clesated only 9 mg
per 100 ce by passage of canine blood through the ox genator for
sixty mmutes

TECIHINIC FOR USE OF OX)GLNATOR

Lucite parts are stenlized by mmmersion in a 10 per cent solu
tion of formaldehyde for two hours Metal parts are autoclayed
Under aseptic precautions the mdividually stenhzed pieces are
assembled prior to use of the ovyvgenator In setting up the
apparatus for a given perfusion the number of screens employed
is determmed from the surface area of the patient. Table II mndi
cates the number of screens used for patients of varyving surface
areas the flow per screen and the anticipated total perfusion flow
(and thus total ovygenator flow)

TABLE II

\NUuBER OF OXYGENATOR SCREEYE AXD FLow Rares hurLoTen ror
Patrr<Tb OF | ARTIYO SUntracB Anra

Patient » Namber of QOrygenator Pum. Ranges of Flow
Swrface 1rea Dggna(or Setting (Expect Ler Seresn
(sg m) cons Flow) I min/mgm (ce /min)
0 2 throngh 0 28 ‘ 3 25 107-232
0 29 throngh 0 37 1 235 181-238
0 38 through 0 47 5 26 1002230
0 44 through 0 50 8 24 191230
0 6 through 0 69 7 24 200237
07 through 0 70 8 24 210-257
08 through 0 80 | ] 23 204228
09 througli 0 09 10 23 207238
1l fl!été]mu(ll’\l 0 11 i 23
irough 1 19 12 e R
e |8 t b
1 30 through 1 30 13 21 0224
1 40 through 1 19 13 R0 210220
1 50 through 1 50 it 20 214207
1 60 through 1 69 14 20 8241
1 70 through 1 79 14 19 1-213
1 iothrough 1 80 1 18 232213
1 00through 1 09 14 18 213257
20 through 2 00 13 18 137-280

(
/
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After the oxygenator has been filmed there 1s mteinal cucula-
tion of blood thiough the pump oxygenator prior to the establish-
ment of whole body peifusion Data have been obtamed which
mdicate that after thiee to five mmutes of mteinal cnculation
durmg which time a gas mixtue, 97 per cent of which 1s oxygen,
has been passing through the oxygenator, an extremely Iigh
oxygen tension 1s piresent m the artenial blood Smce this 1s be-
lieved by us to be undesnable, 100m an with approxmmately 3
per cent caibon dioxide added 1s passed thiough the oxygenator
until perfusion 1s actually established On perfusion the gas flow-
mg mto the oxygenator consists of 95 liters of oxygen and 03
liter of carbon dioxide per minute

Before establishing whole body peifusion, the venous or
1ecuculation pump 1s set for the 1ate of flow which the aiteral
pump 1s expected to deliver duing complete cardiopulmonary
bypass Consequently, when peifusion has been established there
1s ordinaiily no iecirculation withm the appaiatus and the re-
circulation line 1s completely closed by the occluder mechanism
This 15 a change fiom the oigmal description of the use of this
appalatus As the equipment 1s now being employed, blood makes
only one passage thiough the oxygenator before returning to the
patient These conditions appeair to us to be advantageous

REFERENCE
1 Jones, R E, Donald, D E, Swan, H J C, Harshbarger, H G,
Kirklin, ] W and Wood, E H Apparatus of the Gibbon type for

mechanical bypass of the heart and lungs Prelminary report
Proc Staff Meet , Mayo Chn , 30 105-113, 1955



CHARACTERISTICS OF AN IDLCAL
OXYGENATOR

By
Joirn Y Tresenrron, 111, MD

The term oxygenator is perhaps an inadequate one because it
does not mmply the exchange of ewrbon diotide which 1s quite as
important as that of oxvgen Nevertheless its wide use makes it
an acceptable designation for the equipment under consideration
The diversity of the types of appratus presently used to effect ex
tracorporeal gas exchange mdicates the lack of agreement as to
the best means of accomplishing the purpose of the apparatus
Nevertheless progress to this pomt permits description of some
of the desirable charnctenstics of an ideal oxygenator Of the
varlous types presently available many embody some of these
characteristics Dbut 1t will probably be some time before a single
method has most of the desirable features Therefore 1t seems
undesirable to attempt to standardize the method at this time

Gas exchange in the oxygenator should provide normal oxygen
saturation and carbon dioxide content in the blood delivered to
the patient At the same time normal levels of partial pressures
of oxygen and carbon diovide should be maintained 1n the arterial
1zed blood In the interest of simphaity and safety gas exchange
should take place at normal atmospheric pressure and changes 1n
the pressure to which the blood 15 subjected should be minimal
The temperature of the blood m the ox genator should be that
of the patient s body and water should neither be lost nor gained
The advantages of a completely closed system without a gas
liquid mterface are evident Such a svstem in which gas exchange
is accomphshed across a membrane most nearly duphcates the
function of the lungs which the ox genator is designed to tempo-
ranly replace

The flow characteristics of the blood within the 0% genator

67
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After the oxygenator has been filmed there 1s internal circula-
tion of blood through the pump oxygenator prior to the establish-
ment of whole body peifusion Data have been obtamed which
indicate that after thiee to five minutes of mternal circulation
durmg which time a gas mixture, 97 per cent of which 1s oxygen,
has been passing through the oxygenator, an extremely high
oxygen tension 1s present m the arterial blood Smce this 1s be-
lieved by us to be undesnable, room air with approximately 3
per cent carbon dioxide added 1s passed through the oxygenator
until perfusion 1s actually established On perfusion the gas flow-
mg mto the oxygenator consists of 95 liters of oxygen and 03
liter of carbon dioxide per minute

Before establishing whole body perfusion, the venous or
recirculation pump 1s set for the rate of low which the arteral
pump 1s eapected to deliver during complete cardiopulmonary
bypass Consequently, when perfusion has been established there
15 ordmarily no recirculation within the apparatus and the re-
cnculation hine 1s completely closed by the occluder mechanism
This 1s a change from the origmal description of the use of this
apparatus As the equpment 1s now bemg employed, blood makes
only one passage through the oxygenator before returning to the
patient These conditions appear to us to be advantageous

REFERENCE

1 Jones, R E, Donald, D E, Swan, H J C, Harshbarger, H G,
Kirklin, ] W and Wood, E H Apparatus of the Gibbon type for
mechanical bypass of the heart and lungs Prehmmary report
Proc Staff Meet , Mayo Chin, 30 105-113, 1955



THE MULTIPLF SCREEN DISC OXYGENATOR

By
Crancacr Deasis, M D, and
Rant E Raruson, MDD

I\ miE dise ovvgenmtor the blood to be ox genited 1s evposed
to an on gen containmg atmosphere as a thin film upon onc or
more dises which revolve on a honzontal shaft In the Bjork’ pat
tern formation of the film 1s accomplished by immersion of the
bottom portion of each revolving dise in a mver of blood a tech
nque which s proved effective for smooth surfaced dises In
the pattern of the author s group a screen disc has been utilized
to provide more cfficient ovvgenation through better mixing of
blood in the film ' Immersion of such a disc 1s productive of
foaming we havc therefore produced our film 1 a different man
ner namcly by laying blood by means of a low speed jet on the
central solid portion of the screen dise

Utlization of a screen to provide mpang o the film was the
suggestion of Stohes and Fhek” in Gibbon s laboratory The pat
tern was modificd by Miller Gibbon and Gibbon® who now
utilize a stationary set of screens Such a pattern as this poses a
problem in creation of a smooth film at the start of cach use of
the oxy genator and necessitates that the flow be constantly main
tamed to prevent breah-down of the film mto a series of rivulets
It is for this reason that we chose first to evaluate and then to
use regularly a revolving dise of screen We have been pleased
with the spontaneous filming of the screen disc we use and with

the umform maintenance of the film whether the flow 1s stopped
penodicully or not

THE BJORK PATTERN

The smooth-disc tvpe of oxvgenator was first used by Bjork
and Crafoord for perfusion of the brain dunng temporary occlu
0
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should be such as to produce the least possible turbulence and the
materials with which the blood comes in contact should have a
minimum effect upon the formed elements of the blood and upon
the vaiious components of the plasma p1otem and enzyme systems

The appaiatus should be capable of handling a blood flow equal
to the noimal caidiac output of the subject and the volume of
blood within the oxygenator should be constant within the range
of such flow 1ates Different sizes of apparatus would be helpful
m most efficiently meeting the widely varied needs of patients of
different ages and surface aieas

The volume of blood required to fill the oxygenator should
be as small as 1s consistent with adequate function The mimnimal
blood requuement of a low volume appaiatus would considerably
lessen the burden of obtaming sufficient blood donors and would
dimmish the workload of cioss-matching on the pait of the trans-
fusion umit personnel Proportionate reduction mn the dangers of
transfusion reaction and homologous serum jaundice would be ob-
tamed Smmplicity i the apparatus 1s obviously advantageous It
should have no moving parts, no 1ecirculation flow should be re-
quired and 1t should be adaptable to operation by technicians of
ordmaiy ability It should be easily and quickly assembled and
capable of pieparation and storage m a state mn which 1t could be
used with a mmmum of time spent in prepaiation

The ease and 1ehability of heat sterilization as compaied to
cold make 1t hughly desnable that the apparatus permit autoclav-
mg, preferably after assembly 1s completed Ideally, the major
parts with which blood comes m contact should be disposable
after each use and there must be no question of the complete
mechanical cleanliness of those components which aie used re-
peatedly

A bief consideration of some of the characteristics of an 1deal
ovvgenator has been given A disposable high flow, small volume,
autoclax able, membrane oxygenator functioning at body tempera-
ture and atmospheric pressure with mmmum turbulence would
seem to most nearly meet the requirements
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Fic 28 B The assembled pump-oxygenator of Bjork (from Acta Chir
Scandinao 96 Suppl. 137 1848)

film exposure time was said to be 039 seconds Baffles consisting
of 300 X 300 nichel screen were placed at the ends of the ox
genator chamber but there was no bubble trap

This oxygenator was capable of introdueing 2 maximum of
110 ce of oxvvgen per minute into the blood at 1671 cc per minute
of blood flos but it could not saturate blood at flows above 300
¢c per minute The ay erage oxygen uptake was 48 cc, of axygen
per minute at an ay erage blood flow of 680 cc. Unfortunutel) the
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sion of the vena cavae for caidiac sm gery This oxygenator has
subsequently been used with shght modification by Cross and
Kay* for total cardio-pulmonary by-pass and mtracardiac surgery
The Bjork oxygenator consists of a series of forty stamless steel
1hodium-plated discs, each 05 mm thick, 18 cm 1 diameter, and
mounted 1n groups of four on a 1otating horizontal steel shaft The
discs aie spaced on the shaft with 4 mm between discs and 8

T he ral‘az‘mg plates —

The t Tough

Fic 28 A Lme drawmg of pattern of Bjork oxygenator (Bjork Acta Clur
Scandimav 96 Suppl 137, 1948)

mm between gioups of four (Fig 28A, B) The 1otating discs dip
into a niver of the blood to be oaygenated, and mixing n the river
of blood 1s assured bv a series of baffles which match the 8 mm
spaces between discs The plates rotate at 120 1pm and the blood
content of the onvgenator 1s stated to be 230 cc The plates dip
mto the blood to a depth of 15 mm , providing an aica of blood
film of 037 s meters c*\powd at any moment to the ozygen
atmosphere The mmute film area 1s 44 sq meters and the mean
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Fic 20 Diagram of the Ray-Cross version of the Bjork oxvgenator (From
Proc Soc Exper Biol & Med 83 210 1958)

oxygen per minute mto the blood while the artenal oxvgen con
tent was 18 6 volumes % Hemolysis 15 from 10 to 160 mgm % tn 30
minutes

OUR MODEL OF THE BJORK OXYGENATOR

In our laboratory a Bjorh oxygenator was constructed cor
responding as precisely as possible to the description which he
provides except that the volume of blood was not as precisely
held to a minimum as Bjork succeeded in domg Our expenence
with the Bjorh oxvgenator indicated to us that foaming was fre-
quently a problem that hemolysis was occasionally excessive and
that oxygenation was not as effective as we had hoped probably
because of the larger volume in our model of the apparatus Qur
model held 730 cc of blood as compared to Bjork s 4680 cc  and
troduced 386 cc of oxrygen per munute at a flow rate of 500 cc

OUR OXYGENATOR

The first vertical rotating disc oxvgenator which was developed
wn our leboratory was designed to mcrease the area of film by
use of much larger dises and a blood jet to film those dises placed

50 as to play blood near the center It consisted of rotating stain
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per cent oxygenation of the artenalized blood at these flows 1s not
given m Bjok’s paper The plasma hemoglobm level mcieased
n 1ecuculation an aveiage of 168 mgm % m thiee hows In biam
peirfusions of dogs, the hemolysis was vaiiable, but the mean 11se
was 152 mgm % m two hours The white blood cell count decieased
an average of 30% m two houis with a 1elative mciease m lympho-
cytes

The limted oxygenatmg capacity of this appaiatus led to a
modification which was designated by Bjoik as the “large” oxy-
genator It consisted of 50 discs, had a blood content stated to be
400 cc and a minute area of blood film exposed to oxygen of 77
sq meters This “laige” oxygenaton mtioduced a maximum of
131 cc of oxygen per mmute mto the blood at a flow 1ate of
800 cc per minute The aveiage oxygen uptake with this ap-
paiatus was 90 cc of oxygen per mimute at an aveirage flow 1ate
of 762 cc pe1 mmute Agam, the pe: cent saturation of the arteral-
1zed blood 15 not given, although 1t was consideied by Bjoik to
be adequate

THE CROSS-KAY MODIFICATION OF THE
BJORK OXYGENATOR

The modification of this oxygenator which 1s used by Cioss and
Kay* 1s constiucted of 59 Teflon-coated stamless steel (o1 entnely
Teflon) discs, 0 4 mm thick and 12 2 cm 1 diameter These discs
are mounted 5 mm apait on a honizontal shaft and enclosed mm a
cylmder of silicone-coated py1ex glass (Fig 29) Fourteen hundied
cc of blood 1s mtioduced, and the dises dip mto the blood pool
to a depth of 41 an With this aiangement, 084 sq mecters of
disc area 15 exposed to oxvgen at any one time With 120 1pm,
110 sq meters of blood film 1s exposed to oxygen per mmnute The
oxvgen flow 1s five liters per mmute thiough the appaatus and
onvvgen 1s waimed before mtioduction No bubble tiap o filter 15
used

This oxvgenator 1s capable of mtioducing a masimum of 207
cc of onvgen per mmute mto the blood During actual perfusion
at 2000 cc per mmute blood flow and an arterno-venons oy gen
Afference of 68 volumes %, the apparatus mtroduced 136 cc of
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Fic 20 Diagram of the hav-Cross version of the Bjork oxgenator (From
Proc Soc Exper Blol ¢ Med 93210 1938)

oxygen per minute into the blood wlile the arterial oxvgen con
tent was 18 6 volumes % Iemolyss is from 10 to 160 mgm % in 30
minutes

OUR MODEL OF THE BJORK OXYGENATOR

In our laboratory a Bjork oxvgenator was constructed cor
responding as precisely as possible to the descniption which he
provides except that the volume of blood was not as precisely
held to a minimum as Bjork succeeded i domg Our experience
with the Bjork owvgenator indicated to us that foaming was fre-
quently a problem that hemolysis was occasionally excessine and
that oxy genation was not as effectnve as we had hoped, probabl
because of the lurger volume 1 our model of the apparatus Our
model held 730 cc of blood as compared to Bjorks 460 cc and
mtroduced 36 8 cc of oxy gen per minute at a flow rate of 500 c¢

OUR OXYGENATOR

The first vertical rotatmg disc oxy genator wlich was dey eloped
in our laboratory was designed to increase the area of flm by
use of much larger discs and a blood jet to film those discs placed
50 as to play blood near the center It consisted of rotating stain
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Screen disc oxygenator

Q ommmeeeeses Solid rim - === -

18 xi8_
stainless
steel

mesh

center

L /cm
Fic 30 Aitist’s diawing of the screen disc (From Ann Surg 134 709, 1951)

less steel discs mounted on a horizontal shaft The discs were of
several s1zes up to 38 em 1 diameter The venous blood formed
a film over the discs, and centnfugal foice and gravity caused the
blood mn the film to progress towaid the periphery of the disc, 1t
then diopped a few mullimeters fiom the mfeiior margm mto a
collecting 1eservorr (Fig 30) Several of these discs were mounted
on a horizontal shaft m an oxygen atmosphere The ovygenating
eficiency of this pattern was determmed with varymg types of
discs, vanous sizes of dises and at varyig rates of rotation

It was determmed that a stamless steel screen dise made of



Multiple Sercen Dise Oxygenator 75

18 X 18 mesh stunless steel made of wire 0009 mch m
ameter was morc c(ficint m ovvgenating blood m this manuer
than were swoath dises ar dises made of screening of finer or
coarser mesh or of other wire duameter It was also shown that in
order to gct adequate oxvgen uptahe a 38 cm stainless steel
screen dise was the mmimum acceptable The ovy genating ca
pacity of a smgle such disc rotating at 55 rpm was 23 cc of
onvgen per 500 ce of bleod flow per minute The volume of blood
contamed in the film on such a disc at any given moment at this
blood flow was 60 cc

Imtial studies with this techmque indicated a very high rate
of hemolvsis which appeared at first to render the possibilities of
the technique very limited It hecame apparent however thata
solid nm of carefully smoothed metal 1s a margin for the disc
reduced the hemolysis produced by this portion of the apparatus
to a veny acceptable level

The changes i vanous blood constituents other than the red
blood cells were determined during 32 complete cardiopulmonary
by pass procedures with an apparatus utihzing a multiple disc oxy
genator on this pattern * These are shown in Table I An oxvgena
tor of this pattern having eight discs of 38 em diameter was
utlized in the perfusion of our first two climeal patients n 1851

TABLT 1

Acure Meraporic { naxaps 1N TR Sonxex Disc Oxyoxnaror Mesx or
32 ToraL Boor Perrusioxs or Doas

Pre Perfunon After 45 Minutes of Perfuston

pH 78 738
pCO,; 95 mm. Mg 27 mm Hy
CO; content 15 7 meq /1 14 8 meq /L
Blood 1 uffer hase timeq 40 m.eq
Betum C1- 108 N 117 meq /1
PO~ 4 0 mg /100 ec. 4 2 mg /100 cc
)I:Erunc-dd 1 7 mg /100 cc ? 4 mg /100 ce.

e 40 mg /100 cc 80 mg /100 cc
Hematocent 15%,
Tigh 1R 8 gm. 12 2 gm.
Total protem 5 5gm 48gm
Al wmin 2 2 2 gm
WRC 13 000 mm 5 000/mm.2

3 3% CO, in oygon surrounding dises

This v lue 19 low becarwo of hluts 1 by glucoss solution left after rina
hido wscd for wterilezing during 151 an | 1652 Hlterrinang oat formakde
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Neither patient survived, the fiist bemg lost because of our fail-
we to be famihar with the anatomy of peisistent atrio-ventricular
canal and the second bemg lost because of a human failure n that
the contiol cucuit for the arterial pumps was not switched on by
the opeiator at the begmning of the perfusion, and the pumps
1aced, exhausted the 1eservoir, and flooded the aorta with oxygen

Continued studies mdicated that a disc of larger diameter 1s
more efficient It was found that a smgle 50 cm screen disc
mounted as befoie mtioduces 36 5 cc of oxygen per mmute at a
flow 1ate of 500 cc per mmute The film volume per disc at this
flow 1ate 1s 97 cc The rate of rotation of the disc with the larger
screen could be 1educed to 20-24 rpm without changing the film
volume, oxygenating characteistics, or hemolysis

The oxygenator which we piesently use, therefore, 15 con-
structed of four 50 cm stainless steel screen discs on a horizontal
shaft which 1otates at 23 rpm (Fig 31A, B) The pattern of the
discs and the jets for provision of blood and oxygen are mdicated
m Figuie 30 The four-disc unit 1s mounted mn an enclosed chamber,

I'ic 31 \ Photo of mock-up of oxsgenator, without the sheath and
rescry oIr
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A

Fic 31 B The assembled ox\genator

the bottom of which serves as a reservoir for the oxy genated blood
as 1t drops from the discs The blood volume of this apparntus
utilizing four dises with a flow rate of two liters per mmute 1s
988 ce of wlich 6800 ce is n the resen oir and the remainder is in



78 Latiacorporeal Cuculation

the film Oxygen 1s 1un mto the tank thiough fom jets adjacent to
the blood jets at a1ate of 10 liters per mmute The average oxygen
uptake at two Iiters per minute flow 15 146 cc per mmute, Fig 31A

The hemolysis with this oxygenator 1s mmmmal, the average
bemg less than 100 mg % mciease during an how of perfusion No
filter as such 1s used, but a bubble tiap has been designed m the
laboiatory, utihzing stamless steel sponge tieated with silicone
This 1s a precautionaiy measwie should the tank level madver-
tently be cailed too low, and it fuithetmoie seives as a 1ather
effective filter for particulate matter

CRITERIA FOR EVALUATION OF OXYGENATORS

An objective measme for the quantitative evaluation of the
efficiency of oaygenatois appeais to be valuable We suggested m
1949 the defimtion of oaygenator efficiency as that volume of
oxygen mtioduced per mmute for each 100 cc of blood 1equued
to pume the oxygenator * This 1s an ncomplete measume imasmuch
as 1t does not take mto account the mciease m oxygen per cent
satmation accomplished by one passage of blood thiough the
oxygenator o1 the completeness of satuiation of the “oxygenated”
blood If one specifies that the ovygenator should add a mmmum
of seven volumes % of oxygen to the blood and bimg 1t to a pomt
close to full satuiation, then this definition of efficiency 1s useful
Compauison of vailous 1epoited oxygenators on this basis 1s duffi-
cult because of the madequacy of data provided in many pub-
lications

Table II presents data 1elative to the performance of the 38 cm
scieen ovygenator disc as compaied with the 50 cm scieen ovy-
genator disc The efficiency of these two discs 1s seen to be the

TABLL IT

Rerarive Prrionviasncet or Two Sizes or ScrFeN Disc Oxyar vaton
AT 'row Ratr 500 vp /s

Increase Oxygen I im Hemolysts
I fliciency ! fhaieney nere tdded Per my G/hr

Orygen 9, I"olume on
”f Dise W hole Tt Saturation 1,‘(’;"]37; Iach Dise ’;l’rlr)_}?g

$ t 0 23 o« 060 ¢ < 100
by 73 3 5 ¢ 07 ¢ <100

38 cm 37 1t
50 cm 37 it
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TABIF IIL
TeErrorMAXCr FacTors 1x bevinL Trres or Disc Oxroexaton

Fof Oxpeen Flow Plama Iigh
Content Uplake Tfierencyt
(ce) (ce /mm) (ec /man) (mym %)

BPLH" 20 18 089 86/ hr 10 e+
“large™ 100 80 762 20 0*
Denns TS0 87 500 high 3

Crosa and hav 1100 138 2000 1016074 hr 07

Denrus 0S8R 118 2000 <100/1 hr 1L 8

ot fally mturated
t ec oxygen alded per mmute per 100 ce of Hlood in exvgenator

same but the smaller one provides an madequate rise 1 oxygen
saturation in a given passage whereas the larger is adequate
Hemolysis 1s minimal m both

Table III presents information concernmg Bjorks small and
large oxy genators and our model of the Bjork apparatus together
with data concerning that of Cross and kay and of the apparatus
which we are presently utilizing Use of this means of making
companson appears to us to favor that apparatus currently In use in
our laboratory

Other factors of importance in relation to evaluation of oxy
genators are related to the ease of manufacture the durability
the ease of cleaning and the certainty of stenlization The four
disc screen oxygenator can be taken apart, cleaned assembled
completely and pachaged for autoclaving bv one person in o
penod of fifteen minutes

Finally the nsk of total body perfusion which has impressed
us most 15 that of aur embohzation. This 1s a risk which is appar
ently eliminated provided only that the reservoir level to which

the blood drops 1s within a few millmeters of the bottom edge
of the discs

CONCLUSION
We we highly pleased with the performance of the rotating
screen dise otvgenator described herem It 1s efficient casily
cleaned and sterilized and not productive of air embolism Tt
has been used regularly mn over 1000 successful animal perfusions
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It has been utilized 1 a seiles of clinical cases, the first m 1951,
and the eailiest successful one m June, 1955
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THE MEMBRANE OXYGENATOR*

By
G II A Crowss, Jr., M.D,t and
W E Nrne, MD

A_ PRACTICAL blood oxvgenator dependent upon the diffusion
of carbon dioxide and oxvvgen through thin plastic membranes
has been developed and tested Clmical use has proven it capable
of supporting the circulation of adult man Not only 1s 1t the pur
pose of this paper to describe this apparatus and its operation
but to summarize some of the earlier work on the application of
prneiples of diffusion and flow which led to its present stage of
development

In 1934 it became apparent that a large bubble oxygenator
developed 1 our clinic' was producing emboly, both gaseous and
particulate which resulted in no survival of dogs subjected to
total perfusion for periods greater than one hour Despito the out
standing success of Lillehel and his associates using the bubble
oxy genator of DeWall® and that of hirkhn et al * using the Gibbon
filming type oxygenator it seemed advisable to devise a method
for protecting the blood from direct exposure to gas as s dono
m the naturally occurring lung or gill. Not only is denaturation
of protein known to occur at a gas fluid interface * but such a
closed system offers the advantages of a fixed fluid volume and
positive return of blood to the orgamism wathout danger of en
traming bubbles of gas dunng perfuson

Mustard® and later Campbell® have shown that it 1s possible
to use heterologous lungs for such purposes However certain
disady antages such as pulmonary edema occurred rendering them

This project was supported in part by a grant from the Cleveland Arca Heart

} From the Department of Surgeny, VW estern Reserve University School of \Medi
cme at City Hospital of Cleveland Cleveland § Ohlo
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less effective Eaily m then experience with the aitificial kidney
Kolff and Berk™ observed that oxygen could be mtroduced mto
the blood flowmg thiough the membianes if oxygen were blown
mnto the apparatus Using a modification of the Inouye aitificial
kidney,* Kolff and Balze:” demonstrated that the cnculation of
dogs could be suppoited with an artificial lung built of coils of
thin polyethylene tubmg Although it functioned effectively it
had the great disadvantage of trappmg laige volumes of blood,
between 270 and 500 cc for an effective suiface aiea of 1 4 squaie
meters of smface area ' This was capable of oxygenatmg about
75 cc of venous blood per mmnute

Smce 1t was 1eadily apparent that the limiting factor i the
effectiveness of a membiane oxygenator was the speed of diffu-
sion of gases through the membiane, Clowes, Hopkns, and Kole-
bow' studied the 1ate of oxygen diffusion into blood thiough a
vanety of membranes The next problem was to devise an appa-
ratus 1 which to employ the best of these membianes m such a
fashion as to trap a minimum volume of blood flowing between
the greatest possible area of the membranes Usmg a vauety of
models this was worked out, and a multilayer appaiatus was con-
stiucted capable of suppoiting the circulation of a dog** This
trapped about 140 cc of blood per square meter of membianc
atea Fuither development has gone on," gieatly improving the
apparatus both with 1egard to piiming volume, efficiency of gas
transmission, and ease of assembly and operation

The 1esults to be presented are divided mto thice parts The
fist deals with gas permeability of membranes, the second with
the principles governing the efficiency of a membiane oxygenator
and 1ts development, the thud with 1its use eaxperimentally and
clinically

DIFFUSION OF OXYGEN THROUGH PLASTIC MEMBRANES

Although extensine woik has been done on the diy and morst
gas dlffumon through vanous plastic films, to test p]ashcs it 15
necessany to deal with them under (()I](IIUOHS Iike those m the
use to which thev will be put Theiefore, the rate of ovwgen
diffusion mto venous blood at a temperature of 33 Cto 31 C was
used as a method for comparison This was accomphished ma
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TABLI 1
Ruare or Oxtoey DiFFrsiox Turotan PLasric MEssraves [vto \ Exous Broon

Membrane Thickness CC 0y/Sq Meer/Ianm,
(Inckes) T ariation Average

Polytetrafluorethylenc 0 000 M 31 0 31 %

(%'eﬂou) 0 0003 3 148 3 FANN

a pol 13 3-18 2 16 7

Fthylcellulose 0 001 70-131 11 ¢

0 003 37852 48

Polyethylene 0 0008 02-89 82

0 001 03-81 780

Cellophane 0 001 70-77 T4

o o 003 51-69 60

Polyninylchlonde 0 003 11-186 14

0 010 06-072 0T

Polystyrene 0 001 20-28 25

Mylar 0 000 0410 03

Chlonnated rubber ¢ 0004 ¢GI1-06 0 4

diffusion chamber m which the membrane of known area sepa
rated a given volume of blood on one side from flowing oxygen
on the other Agitation of the apparatus assured good mixing
Samples of the blood were taken at known intery als for determi
nation of oxygen content by the method of Van Slyke To be sure
of maximum diffusion measurements were made on the steep part
of the dissoclation curve and compared by the formula

cc Oy diffaston/sq M surface area/min. (1)

A0, content (vobs %) X volume blood X 100

" surface area membrane (s4 em) X AT (min.)

In Table I are given data indicating that of the available films
tested Teflon (Polvtetrafluorethvlene)® is superior to others in its
owgen permeabihty Use of this matenal was suggested by
Clark,™ and has recently heen manufactured m thin films as yet
not n sheets large enough to use for the full size ox genator
The 0.25 mil Teflon is too flimsv but in small models the 0.5 mil

hindly sopplicd b Dilectris Corporation Farmmgdale L.I, \ew York.
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less effective Eaily m then experience with the aitificial kidney
Kolff and Beirk™ observed that oxygen could be mtroduced mto
the blood flowmg thiough the memb:anes if oxygen were blown
mto the appaiatus Usmng a modification of the Inouye aitificial
kidney,® Kolff and Balze1’ demonstrated that the circulation of
dogs could be supported with an artificial lung built of coils of
thin polyethylene tubimng Although it functioned effectively 1t
had the great disadvantage of trapping laige volumes of blood,
between 270 and 500 cc for an effective smiface area of 1 4 square
meters of smface aiea * This was capable of oxygenating about
75 cc of venous blood per minute

Smce 1t was 1eadily appaient that the limiting factor m the
effectiveness of a membiane oxygenatoir was the speed of diffu-
sion of gases thiough the membrane, Clowes, Hopkins, and Kole-
bow" studied the 1ate of oxygen diffusion mto blood thiough a
variety of membianes The next pioblem was to devise an appa-
ratus i which to employ the best of these membianes m such a
fashion as to trap a mimimum volume of blood flowmg between
the greatest possible area of the membranes Usmng a vauety of
models this was woiked out, and a multilayer appaiatus was con-
structed capable of suppoitng the cnculation of a dog ™ This
trapped about 140 cc of blood per squaie meter of memhane
atea Further development has gone on,™ gieatly impioving the
apparatus both with regard to priming volume, efficiency of gas
transmission, and ease of assembly and operation

The 1esults to be presented are divided mto three parts The
fust deals with gas permeability of membranes, the second with
the principles governmg the efficiency of a membrane oxygenator
and 1ts development, the third with 1ts use experlmentally and
chnically

DIFFUSION OF OXYGEN THROUGH PLASTIC MEMBRANES

Although extensive work has been done on the diy and moist
gas diffusion through vanous plastic films, to test plastics 1t 15
necessary to deal with them under conditions hike those m the
use to which they will be put Therefore, the rate of ovvgen
diffusion mto venous blood at a temperatine of 33 Cto 34 C was
used as a method for companson This was accomplished m a
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sulted m poor ovygenation for blood was exposed to a small
proportion of the membrane surface

Support of the plastic membrmes to cause the formation of
mamy small channels and consequent good distnbution of blood
over the surface was accomplished m two fashions The first
method depended upon causing blood to flow along wirc mesh
with membranes held in apposition on either side by oxygen pres
sure on the outside This was lughhy efficient but had the senous
disadvantage of adnutting bubbles of gas to the blood through
any pinholes that existed m the plastic At the same tume it was
obsenied that tiny masses of fibrn tended to form on the mesh
These difficulties at once defeated one of the prime objectives
of the membrane oxygenator

Thereafter work was directed to creating methods for support
of the membranes from the outside by either screens or grooved
surfaces of hard rubber It was determmed that blood could be
made to follow channels by distending the membranes into
grooves in the outside supporting plates Observation of bleod
distribution was accomplished through a transparent acry lic plate
clamped over a single membrane and grooved surface Using
polyethylene 08 mil in thickness grooves 1/16 inch deep and
1/8 inch from ridge to ndge proved to be the best m this regard

Resistance to flow increased by a factor of approximately 16
of the distance the blood was made to flow through the mem
brane As the resistance rose the increased pressure caused the
membrape to stretch and a greater volume of blood was trapped
in proportion to the surface of membrane to which it was exposed
This roughly followed a linear progression of 14 of the length
of flow

A larger oxy genator contammng a pair of membranes was con
structed with an oxy genating surface of 05 sq meter It contaned
grooves on cach side set at 80° to each other By mtroducing
large grooves down the sides blood distribution was made pos
sible 5o that 1t could flow across the short dimension of the surface
which greatly reduced resistance for area of exposure Both poly
cthvlene and ethvleellulose were found to transmit ox gen at a
rate of 67 to 787 of the maxdimum expected values gnven in Table
1 At a rate of 100 cc per minute oxigenated blood was pumped



84 Extracorpor eal Circulation

mateiial has stiength moie than twice that of §/10 mul poly-
ethylene and a peimeability to oxygen 32 times as great Its
stietch characteiistics are almost the same as tlus polyethylene

Next m o1der of effectiveness was ethylcellulose 0 001" m thick-
ness This matenial proved unsatisfactory despite 1ts good oxygen
transmitting charactenstics The presence of pmholes caused leaks
of dangerous propoitions when m operation

Polyethylene has been used up to the piesent time as the
standaird matenal fo1 the membrane oxygenator Itis smooth, soft,
and because of 1its stietchability does not easily rupture o1 tear
Fuitheimore, 1t 15 easily sealed o1 perforated by heat The film
despite mtial nonwettabihity eventually 1s wet shghtly, and a
very thm film of piotemn matenal becomes deposited on the sur-
face after long exposuie to blood Apparently this does not affect
oxygen diffusion matenally

Caibon dioxide was found to diffuse from blood through Teflon,
ethylcellulose, polyethylene, and cellophane at 1ates propoitional
to oxygen uptake With Teflon caibon dioxide noimally fell to
values between 35 and 40 mm of meicury paitial pressure by the
time blood had attamed 85% oxygen satmation With polyethylene
this value was shghtly higher, pCO: being equal to 40 to 45 when
ovvgen satmation 1eached 85%

DEVELOPMENT OF A MEMBRANE OXYGENATOR

A vanety of small models were constructed to learn what pait
1s plaved by flow 1ate, 1esistance, and blood volume m exposng
the blood to a given membiane area Venous blood fiom a hepai-
mzed dog was pumped mto the apparatus between the layers of
membiane and made to flow at a known rate by Sigmamoto:
pumps ° The oy genated blood coming fiom the appaatus was
returned under pressuie to the carotid artery m such a fashion that
the bramn was perfused These procedures were carried on for a
mimmum of one how and usually longer

Attempts at making blood film between unsupported mem-
brane lavers proved disappomting Under these conditions blood
tended to run m large rivulets due to surface tension This re-

° Supplicd by the Sigmunotor Carporition of W dtertovn, N Y



Vembrane Orvygenator 85

sulted 1 poor oxygenation for blood was exposed to a small
proportion of the membrane surface

Support of the plastic membrancs to cse the formtion of
many small channels and consequent good distribution of blood
over the surface was accomplished in two fashions The first
methed depended upon csing blood to flow along wire mesh
with membranes held m apposition on either side by oxy gen pres
sure on the outside This was highlv efficient but had the senous
disadvantage of admitting bubbles of gas to the blood through
any pinholes that eusted in the plastic At the same time 1t was
observed that tiny masses of fibrin tended to form on the mesh
These difficulties at once defeated one of the pnme objectives
of the membrane oxygenator

Thereafter work was directed to creating methods for support
of the membranes from the outside by either screens or grooved
surfaces of hard rubber It was determined that blood could be
made to follow channels by distending the membranes into
grooves in the outside supporting plates Observation of blood
distribution was accomplished through a transparent acryhe plate
clamped over a smgle membrane and grooved surface Using
polyethvlene 08 ml mn thickness grooves 1/16 mnch deep and
1/8 inch from ridge to ridge proved to be the best in this regard

Resistance to flow increased by a factor of appromimately 16
of the distance the blood was made to flow through the mem
brane As the resistance rose the increased pressure caused the
mombrane to stretch and a greater volume of blood was trapped
in proportion to the surface of membrane to which it was exposed
This roughly followed a linear progression of 14 of the length
of flow

A larger oxvgenator contawning a pair of membranes was con
structed with an ot genating surface of 0 5 sq meter It contained
grooves on cach side set at 60° to cach other By introducing
large grooves down the sides blood distribution was made pos
sible so that 1t could flow across the short dimenston of the surface
which greatly reduced resistance for area of exposure Both poly
cthilene and etly leellulose were found to transmit ontigen at a
rate of 67 to 78% of the maximum cxpected values ginen in Table
1 At a rate of 100 cc per minute ox\ genated blood was pumped
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from this device mto the carotid aiteries of dogs for periods of
one to four hows without evidence of bram damage as indicated
by lack of electioencephalogiaphic depiession and full recovery

A multiple layer oaygenator'* was constructed using this prin-
ciple which gave a much larger suiface area In practice this was
cumbeisome because of an eaternal mamfold system used to
distribute blood and oxygen to each umt Approximately 180 cc
of lowing blood were tiapped for each square meter of membrane
area when polyethylene membrane 0 8 mil in thickness was used

THE MEMBRANE OXYGENATOR

The oxygenator at its present stage of development 1s 1llustrated
m Figure 32 A varnable number of units are employed depending
upon the surface area required to furmish an adequate volume
of oxygen per mmute The supporting plates, 1llustrated 1n Figure
33 have a grooved surface on the upper side and a plastic
screen mesh on the lower These are surrounded by a soft rubber
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Fic 32 The assembled oxyvgenator, Aftv umits with a surface area of twenty-
fiv e square meters for pcrfusion of an adult woman
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gashet to presvent leakage from the ends or sides of the blood held
mside the pair of membranes pliced betw een ench of the support
ng plates Blood which enters at one comer distends the membrane
into the large 4 groove and flows along the long side of each
oxygenating surface As the pressure is increased the blood then
distends the membranes mto the little grooves which run across
each supporting plate These are & inch from nidge to ridge
Fmally the ovigenated blood collects m the channel on the
opposite side of the supporting plate and leaves each umit by the
corner diagonally opposite to that wlich it entered.

Blood is distributed by a series of rings (inside diemeter % )
with four side holes (1/18 1n diameter) These are placed one
aboyve another between the layers of membrane as the apparatus
is assembled and fit nto the holes marked B in Figure 33 When
the requisite number of units 15 assembled the membranes are
pierced by passing a heated rod down through the column of
rings  Thus blood can be fed to all units simultaneously through
a single inlet at tho top of the apparatus The outlet for the blood
is managed in exactly the same fashion

Oxygen flows m the grooves and screens on the outside of the
membranes It reaches these through little channels cut on the
back of the grooved surface so as to communicate with each
groove One of these runs down each side of the supporting plates
permutting gas to enter through one pass across through the
grooves and screens and exit through the other A small tube
communicates with one end of each oxy gen distributing channel.
Those at the inflow end enter a 4 dwumeter hole marked 0™ in
Figure 33 These are superimposed as the apparatus is assembled
and permit distnbution of oxygen to all layers through an 1nlet
at the top

Assembly 15 rendered easy bv alignment posts set mn the base
plate seen in Figure 32 protruding through the top plate Each
supporting plate has a pair of holes which fit over the alignment
posts This ensures that the omvgen and blood inlet holes are
sccurately superimposed

Sterilization fs accomplished by the introduction of Warexin *

Supplicd by Guasdun Chemical Company  Long Island Ciy \1Y
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Fic 33 View from the end of the oaygenator being disassembled, showing
a blood-filled membiane lying on one of the grooved supportmg plates This
shows the channels of blood flow down sides and across the surface At nght
15 a blood distribution ring between the layers of membrane, mathed “B”
Beside this 1s an alignment post for accurate superposition of the mat At left,
marked “O,” 1s the oxygen distubution channel communicating with the
grooves on top and the screens below each mat

a chloine-1eleasing solution, to the assembled appaiatus for two
hows befoie use

Imitially normal physiologic saline solution 1s 1ecnculated
through the apparatus to remove all tiapped an bubbles which
ran be bled off fiom the bubble tiap by stopcock “B ™ The salme
1s then drawn off and 1eplaced by destran which 15 1 turn re-
placed with fresh heparinized whole blood Unless the whole
apparatus 1s heated to 38°C o1 a blood heating coil 1s used at the
outflow from the oxygenator, the blood will 1apidly assume 100m
temperatwe

Operation of the apparatus 15 quite simple The closed areut
1s llustrated mn Figure 34 Since the apparatus contams a constant
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Fi¢ 34 The diagram of blood flow through the closed circuit of the oy genn
tor Blood {s continually recirculated and is only drawn through the venous
connection when blood is pumped from the system Into the aiterles

volume of blood, one is assured that the quantity of bloed pumped
from the vems is stmultancously returned to the arteries The
membranes stretch to different degrees with varymng pressures
Therefore it 15 necessary to have a constant pressure within the
apparatus to maintaimn a constant volume This is accomplished by
setting pump “A” at a fixed rate (about 50 cc /unit/minute) The
Inflow and outfiow pressures are then checked by manometers
“A” and “B” When the apparatus 13 fully prmed the clamp is
removed from the venous side Little blood will be drawn into the
oxygenator untl the arterial pump is started Perfusion then be

comes entirely automatic Blood need only be added as 1t is lost
from the subject bemg perfused. At the termination of the pro-
cedure the perfusion 15 stopped simply by shutting off the arterial
pump and clamping the venous tube Recirculation is continued

until such tune as 1t is deternuned that the oxy genator will no
longer be necessany
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EXPERIMENTAL PROCEDURE AND RESULTS

Efficiency of Ovygenation: A seiles of experimental perfusions
were peiformed to determme the volume of oxygen delivered to
blood by the machme per mmnute and to determme the tiapped
volume of blood while m operation The rate of blood flow 1n the
appaiatus was measured by the rate of outflow from a reservoir
with the shunt and venous tubes temporanly clamped Changes
m volume at vaious flow 1ates could easily be measmed during
1ecirculation of blood thiough the shunt with all vascular con-
nections clamped by observation of changes m the 1eservorr level
Blood samples were 1emoved for Van Slyke analysis fiom the
arterial and venous lmes To make certam that the oxygenator
was giving maximmum oxygen tiansmission to the blood the appa-
ratus used was purposely set up with too small a smface area for
the given anmmal so that 1t did not deliver fully saturated arterial
blood

The effective transmission of gas through a given membrane
area may be expiessed by the formula (2), since each umt of the
oxygenator contams veiy nearly one-half squaie meter of surface
area

flow rate (cc /mn) (2)
A-V Duff (vols % x
0. delivered (cc /mun) 100
Membrane area (sq M) o Number of oxygenator units
2

From the pont of view of actual usefulness for chnical pui-
poses, 1t 1s 1mportant to compaie the amount of oxygen dehvered
per mmute with the volume of blood contamed 1n the apparatus
durmg perfusion This 1s best expiessed m terms of the numbei
of 500 cc Dblood tiansfusion umts 1equned to fill the apparatus,
and 1s given by the formula

flow rate (3)

AV Diff (vols %) %
O decinvered (ce /rmin) 100

Priming blood transfusion units Total Blood Volume

500
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TABIT 11
1 rrcrrxer or Mpunnaxr Oxrarxrons

Primin Ozypen
Fow Rate . tol Delvgered per Delteered pe
tox I pg 0oy oy ire " ong Hlood
%T e /mn
5 llrm {cc) ormula ©) fee /'"";)
Ocygenator A
folvetbylenc
G 000R in £00 27 it0 34 10 ¢
Orvyeemator B
olyethrleno 50 0t RO [ 20 1
0 0008 1n 100 () 100 o8 810
200 33 115 70 211
genator Ct
eflon 0 0005 . 200 10 0 130 218 83 5

* Desenbed 1n & previous pol boation!t (hvgenators A and B ench lave a membrane
ares of 0.5 square meter per umt

1 These results were calculated from data obtained using a small oty genator constructed
to test & mample of Teflon 1n oxygenating flowlng t lood

Data n Table II indicate that i Oxvgenator “B” considerably
greater efficiency of ovygenation was obtained compared with
Oxy genator “A™ by substitution of a screen mesh i place of the
grooved support on one side of cach pawr of membranes Using
0.8 mil polvethylene a blood flow rate of at least 50 cc per minute
through each umt is desirable to attan the greatest effective
transmission of oxygen through the membrane At this level the
inflow pressure reaches approumately 100 mm Hg which seems
to be required to assure good blood distribution to all parts of
the membrane Flow rates above 100 cc sq M /min. do not
materially increase the oxvgen diffusion and simply increase the
volume of trapped blood by 1ncreasing the pressure

Polyeths lene 0 8 mil in thickness has been found to transmut be
tween 6.2 and 71 cc of oxygen per square meter per mimute in
actual operation of the apparatus This gives an efficlency varying
from 76% to 867 of the theoretical maximum possible as shown
in Table I

Surface Area and Perfusion Rate To determme the blood flow
rate per minute and the volume of oxygen supply necessary to
maintain physiologic conditons during total perfusion of the body
with a membrane ox genator four groups of experiments were
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carried out The ammals were subjected to occlusion of the pul-
monary artery or vena cavae for periods of one hour while cir-
culation was sustamed by the apparatus In the first and second
groups a surface area of membrane large enough to supply the
theoretical amount of oxvgen requxred by the anmal under
anesthesia (7 5 cc /kg ) was emp]ox ed The first group were per-
fused at a flow rate as high as comement ranging from 74 to
93 cc /kg /mm . the second from 27 to 41 cc kg mun For the
third and fourth groups of nme and ten dogs respectivelv an
ovvgenator was set up which contamed onl\ one-half the cal-
culated requirement for membrane area Group III were perfused
at a high flow rate ranging from 74 to 89 cc per kg per mnute.
while the fourth had low rates of 24 to 37 cc /kg mm The rectal
temperature of these anmmals was mamtamed throughout the
procedures between 35°C and 37°C

At mtervals durmg these expermments, arterial oxvgen. carbon
dioxide, pH, and lactic acid levels were measured “The state of
the ammal was followed by means of the electroencephalogram.
the electrocardiogram, and blood pressure recordings Of the first
groups, nimne of ten ammals survived One died of a techmeal error
and hemorrhage Of the second group (adequate oxvgenation
with low flow rate), six of ten survived, but it was noticed that
these animals were slower m recovermg and showed some shght
degree of bram wave depression during the procedure Of the
thlrd and fourth groups (perfused with madequate oxvgenators)
only one amimal survived By contrast with the first two groups
all amimals of these latter groups showed severe depression of
the bram waves during the latter part of the long-long total per-
fusion The deaths took place m a state resembling normovolemic
shock 1n that thev did not respond to replacement transfusion
It 1s of interest that in both groups madequately supphed with
ovr gen the animals developed verv low venous oxvgen tensions
and severe acidosis with CO. and lactic acid accumulation m the
blood, pH level fell to 68 or lower It appears that this severe
acidosis was the chief cause of death in these ammals A summan
of this data 1s gnven n Table IIT

Survival of Prolonged Perfusion A series of eight dogs were
subjected to total perfusions for periods of two and one-half to
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three hours using oxygenators of adequate arca and high flow
rates The right atrium was opened m all of them for exploration
with an electrocardiogriplic electrode * Six of these recosered
and survived for two days before sacnfice

Hemolysis Dog red blood cell fragility vanes greatly from
ammal to ammal The average free hemoglobin in the plasma at
the start of eleven one hour perfusions was 34 mgm % and at the
end 62 mgm % Platelet count during this period was reduced an
average of 24% of the control level With only one excoption
among this group the platelet count was greater than the control
level two hours postoperatively The white cell count varied
greatly but was generally somewhat reduced at the end of per
fusion with a marked rise above normal two hours postop
eratively

Clotting Mechanism Ileparin 15 to 2 mgm per kilogram of
body weight was administered intravenously Twenty four mgm
of heparm per liter was placed in the donor blood which is nearly
equvalent to that in the ammal s circulating blood volume At the
termnation of the procedure protemme sulfate in 5% glucose
solution was given intravenously by slow drip n approamately
the same doses as the initial intravenous heparm Clotting time'*
usually returned to less than flie minutes by the end of this
infusion

In the early use of the membrane oxy genators for complete per
fusions it was observed that uncontrollable bleeding frequently
occurred postoperatively despite the use of protamine and other
precautions This proved to be related to the degree of hemo-

Experiment performed in assoclatisn with Louls Rakata, \[ D

of the Depart
ment of Medicine Clevcland Citv Hospttal ° e
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dilution that took place n filling the oxygenator with donor blood.
If dextran were not almost entnely replaced with blood this
phenomenon was apt to occu1 In general a hematocrit below
30% at the termimation of the piocedure has 1esulted n bleeding
difficulties

Bleeding time was estimated one hour postoperatively mn the
majority of dogs m which swivival fiom one hour perfusions was
eapected This was done by needle piick on the under side of the
tongue as suggested by Kolff ** In all but 15% of the ammals which
survived, this had returned to near control times by completion of
the protamme nfusion Clotting and bleeding times both re-
mamed elevated 1 80% of the ammals which were madequately
oxygenated

CLINICAL USE OF THE MEMBRANE OXYGENATOR

Nme elective peifusions were undertaken for cardiotomy to
correct mtracardiac disease All were seriously 11l patients urgently
requiring opeiation Two weie babies under six months of age,
and one was two yeais old These thiee died There were six
adult women rangmg from 49 to 65 kilograms mn weight, of whom
three are well Among the six patients who failed to survive, all
but two made a complete recovery from anesthesia and died two
or more days later of other complhications Of the two who failed
to recover fully from anesthesia one was a baby in whom an error
in diagnosis prompted closure of an interatrial septal defect
m the presence of total anomalous pulmonary venous dranage
mto the left subclavian vemn The other was a woman who was
reoperated upon for severe mitral regurgitation Massive scarring
at the base of the heart made clamping of the aorta impractical
Blood was regurgitated at such a rate that it became necessary
to return the blood sucked from the atrium to the oxygenator
A small amount of foam was introduced and found n the arteral
line postoperati elv This woman was semi-conscious postopera-
tively, but was otherwise domng well until eight hours later At
that time she developed severe pulmonary edema Post-mortem
disclosed that the sutures used to repair the valve had cut through

the tissue
Data from these perfusions i1s summanzed in Table IV An
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TABIT IV
Dy rrow Cuacst Trnrestons

a:ﬂ" Children®

trerage Range frerage Range
Perfndon Time (\linutes) 2| w3 87) 23 (16-31)
Complete By-pa s Time 21 11-20) 18 (12-28)
Flow Rate (Liter~ nun) 24 (13290 08 me11)
Blood Pre~ are \ean (mm 1lg) ne { 2-103) [} (58 M)
Ovrgen Uptake (cc muin) 1 {19 182) 48 (33-12)
Artern] Blood 1 nd of 1 erfuston
Ovvgen (Saturation) 1 (81 9 ) 1% (88-01)
(mm. 11g) 2 (32 39) 30 (30-43)
actie \od (mpm o) 10 1) a3 (20 30)
Y:“ - 31 (7 21-7 S)I) 7 g: (7(31—7 38)
ree Hgb (mgm %) 31 (33-128! — —
Pll(ekt!qu'\mqon 175, [ENAT)] 2% (11-32)

ox genator of adequate surface area to meet the ovygen require-
ments of the patient was used With but one esception fully
oxygenated blood was perfused into the artenal system of each
patient. Flow rates m the adults ranged from 38 to 52 cc /hg /min
while those in the children were from 72 to 91 cc /hg /mm
Arterial blood pII remained near the control levels 1n every case
Normal clotting was restored to every patient without difficulty
by the use of protamuine titration and the nfusion of one or two
freshly drawn blood transfusions as the operition was being
completed

Two patients with cardiac arrest who could not be resuscitated
by the usual methods were connected to the apparatus as an
emergency Ordinary bank cross matched blood which was hepar
inized was used to prime the oxvgenator The citrate was then
neutralized with calewum chlonde solution (1 gram per 500 cc)
Although the hcart of the first patient could not be restarted due
to a coronary occlusion he regamed consciousness while being
perfused The other patients heart which was initially damaged
by a massive venous air embolism was eventually made to beat
cffectively She became hypertensive but did not recover con
sciousness and died four davs later In the first case the heart was
massaged for two hours before the apparatus could be assembled
and connccted to the circulation In the second about thirty
minutes elapsed smce the ovigenator happened to be set up
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These two peifusions weie 1un for approammately one how at
flow 1ates of 52 cc /kg /mm (3400 cc /min ) and 45 cc /kg /mm
(2600 cc /min) Oxygen saturation was above 90% m each How-
evel, the aitenal blood pH which was below 71 and 7 06 re-
spectively at the outset of these peifusions 1emamed low through-
out although pCO. fell to 32 and 35 mm Hg Fiee plasma hemo-
globm 10se 42 mgm % m one and 29 mgm % mn the other during
the how of aitificial mamtenance of cuculation

DISCUSSION

Two virtues are appaient m the use of the membiane oxy-
genator Fust 1t 1s an entnely closed system not subject to the
dangeis of entiaming gas bubbles to be pumped mto the arteral
system of the orgamsm bemng peifused Secondly 1t 1s apparently
hiee from the production of paiticulate emboli over perods up
to thiee hows In the absence of leaks 1t 1s not subject to changes
m volume as long as flow and piessuie aie kept constant If these
weire not true, 1t 1s doubtful that total peifusions for periods of up
to thiee hours could be accomplished with suvival

The Imiting factor m the effectiveness of a membiane oxy-
genator 1s the volume of oxygen and caibon dioxide which can be
transfenied through a given aiea of a given membiane per mmute
It was amply demonstiated by the lack of smvival of Gioups III
and IV 1 Table III that the suiface aiea of membiane used must
be adequate to transfer as much oxygen per mmute as an ammal
o1 patient will use Otherwise, oxygen saturation of the aiterial
blood falls off and acidosis results Therefore, the problem exists
as to how Dest to obtain a laige enough swface aiea without
having the apparatus hold an umeasonable amount of blood

There are two appioaches to this problem The fiist 1s to use
available membrane with the greatest oxygen diffusing capacity
The second 1s to produce the thinnest possible film of blood flow-
g between the membranes with a miimum volume wasted m
distribution The former problem was settled by diffusion tests
showmg that po]yet]lylene 0 0008 inch n thickness was the most
surtable of the plastic films then commeraally available Recently
at the suggestion of Clark," Teflon film 0 0005 imch m thickness
was obtamed and tested This proved capable of diffusing approi-
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mately 35 tunes as much oxvgen for a given area in onc minute
to venous blood as was polyethlylene 00008 inch It has proven
m small models to be similarly cffective in oy genating flowing
blood Judging by the data presented m Table IT 1t 15 possible
that an adult man requiring more than 200 cc of ovvgen per
minute might well be ovy genated with an apparatus contaiming
only 1200 cc of blood Tlus is in contrast to the present use of
polyethylene which at best requires more than 3000 ce for such a
purpose It must be ramembered however that for smaller pa
tients or amimals a smaller surface area may be set up proportional
to the organism s oxygen requirement This means that there will
be an amount of blood trapped m the apparatus again proportional
to the oxy gen requirements
Data m Table II make it clear that the most efficient use of both
the membrane surface area and the volume of blood bemg
pumped between the membranes has been attained by the
Oxny genator “B” described in tlhis paper It 1s based upon earlier
observations on flow and resistance which indicated that a short
effective exposure of blood to the membrane requures less volume
and pressure than is required if blood 1s pumped through a long
distance with a small cross section The design 15 now so arranged
that blood is distributed along the long side of the oxygenating
surface and made to flow in channels across its short dimension
Data on hemolysis suggest that with the Sigmamotor pumps
used in these experiments and clinical operations the damage to
red cells 15 comparable with other tvpes of oxygenators ***
Kolff ° in the uso of the coil type of membrane oxygenator ob-
taned data showing blood cell and platelet destruction of essen
tally the same order In other words exposure of flowing blood to
large surfaces of polvethy lene for long pertods does not result m
senous blood damage 1t is true that membranes become coated
and wettable but apparently do not trap or destroy dangerously
large numbers of platelets or white cells Difficulty has not been
expenenced with the clotting mechanism provided that adequate
o\ genation of the animal was mantained and that severe hemo-
dilution did not take place in priming the apparatus
Certain disadvantages have become apparent n this tvpe
apparatus In the earlier stages it was difficult and time consum
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mg to assemble Recent improvements m design have made 1t
possible to set up the equipment for perfusion of an adult patient
m a penlod of about two hous

Sterilization has been dependent upon the use of cold sterthzing
fluids, yet no blood cultuie followmg a clinical operation has
grown orgamisms This 1s m part due to the fact that all parts
which come mto contact with blood mcluding the membranes and
tubes are disposable

Leaks have been the greatest hazaid If they occur, dangerously
large volumes of blood may be lost i the course of a relatively
short time Yet careful exammation of the membranes for flaws
and attention to details of assembly have resulted 1n only one leak
of serious proportions, mn the clnical series All of the long per-
fusions performed m ammals were accomplished with leak-proof
assemblhies The proposed use of Teflon may further elimmate
this hazard, for m the shoit series of experiments conducted to
date no mstance of leakage has yet occurred

SUMMARY

An efficient blood oxygenator dependent upon the diffusion of
oxygen and carbon dioxide through thin plastic membranes 1s
described It 1s capable of attaming an oxygen transmission rate
up to 85% of the maximum expected for a given membrane

Of the plastic membranes tested polytetrafluorethylene (Teflon)
05 mil in thickness has proven the best, being capable of trans-
mitting 24 cc of oxygen per minute to blood In operation 1t has
been demonstrated to pass 218 cc of oxygen per minute to
flowing blood Polyethylene 0 8 mil in thickness was used for most
of the experimental work and 1s only about 30% as effective as
Teflon A variety of other membranes have proven unsuitable

The efficient use of blood to avoid trapping large volumes in a
membrane osygenator depends upon the esposure of a thinly
flowing blood film to the greatest possible area of the membrane
surface within the apparatus This 1s accomplished by reducing
resistance and pressure to a mmimum by a short passage of hlood
as 1t travels across the membrane This 1s accomplished by pump-
Ing blood between two layers of membrane at a rate and pressure
adequate to distend the membranes into grooved surfaces sup-
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porting 1t on the outside to form channels in which the blood can
flow

A multiple unit oxygenttor having up to 30 square meters of
surface area has been designed and constructed which is capable
of completely supporting the cireulation and respiratory needs of
ammals for as long as three hours It has been used also success
fully for operations on adult man The number of the units of the
apparatus to be used for a given perfusion 1s dependent upon the
surface area of membrane needed to pass the amount of oxygen
required per mmute by the ammal or patient

The authors wish to express their appreciation to Mr L. W Sahley of the
Cleveland Scientific Equipment Company for his Leen interest and help in engl
pecting Through his kndness the latest model of tho oxygenator was bullt Al

the faithful asststance of Mr Ioward Peacock of our staff has made possible much
of the work reported
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DISCUSSIONS ON OX1GENATORS

DR. EARLE B KAl Cleveland I am indebted to Dr Gross who
brought a slide of one of his oxygenators The principle we have used
in the rotating disk ovygenator is one developed by Dr Bjork which
consists of a ¢y linder of glass We have used a larger priming volume of
1400 cc., 800 of which is necessary and 600 of which is used as a res
ervorr We can get a perfusion rate of from 2,000 to 6000 cc. per min
ute depending on the size of the oxy genator and the size of the individ
ual We hayve had as high as 1037 O saturation and a CO, tension of be
tween 30 and 40 mm Hg Using the oxy genator for perfusion there has
been an impcrcephble fncrease in hemolysis From our viewpoint it has
been a perfectly satisfactory apparatus We have now done 104 patients
with this type of apparatus There has been an over all mortality of 34%
There has been only one mortality in the tetralogy and this patient had
been operated upon twice The apparatus using a Sigmamotor pump s
regulated by venous manometers which control the pump during the
course of the procedure

WILLEM ] ROLFF Cleveland In the three minutes allotted I
want to make three practical points

1) THE PROBLEM OF OVER-OXYGENATION We have reason
to belleve that over oxygenaton may be responsible for some unex
plained complications and deaths that have occurred in the past
Whether or not this is so cannot be proved A good way to avoid over
oxygenaton with any tvpe of oxygenator is by the use of a Clark
Polarograph® which is now commercially available } In Figure 35A and
B the Clark Polarograph electrode is shown together with the equip-
ment that provides a 2 microampere current with 8 volts through the
electrode A galvanometer reading corresponds to a certain oxygen ten
sion. Figure 38 shows how we use this polarograph to maintain ade-
quate oxy genation during the bypass but mainly to avoid over-oxygen
ation At the beginning of the grapli the reading on the galvanometer is
low corresponding with the oxygen tension of the venous blood then
present in the oxygenator When oxy genation is started with air equi
librium takes place after a certoin time and we assume that this repre-
sents from 957 to 85% saturation When the pump 1s started and venous

Momitor and Control of Blood and Tisue Ovygen Tenshons by Leland C.

Clark, Jr., Transactions Amencan Sockety for Artificial Int
Q. T ernal Organs \ol 1I

Hellow Sprngs Instrument Company Yellow Springs, Ohto
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Fic 38 Shows the recorded readings on Clark polarograph during its use m
a by pass procedure (Dr holff)

blood of the patient starts to come 1nto the oxygenator there is a fall
of ovvgen tension which 1s compensated by adding more oxygen to the
Bas muxture 1n the oxygenator and by elminating the air completely if
Necessary Thus the same oxygen tension is maintaned during the
bvpass After the bvpass while the blood remains in the oxygenator
e revert to air to avoid over-oxygenation of the blood In case it is
later needed.

Far the sakc of an expeniment, mcreased percentage of oxygen was
Later added to the gas mixture while the blood was bemng arculated
It can be scen that the ow gen tenston as indicated by the galvanometer



Fic 35 A asnp B Clark pul.lmgr.lph and dectrode (Dr Kolft)



Discussions on Oxygenalors 105

to leave the downward curvature of this plastic tubing and 1t forms
the most rehable bubble trap we know

In summan 1) We recommend the addition of a Clark polarograph
on the artenal end of the owgenator 2) Tanks with undiluted CO,
should be avorded 3) An effecthve filter—bubble trap is described

DR. F JOHN LEWIS Chiengo In this discussion I thought I could
at least define my experience in membrane ovy genation because it is
quite unsuccessful We used polycthylenc 1 our ovygenator 24 inches
wide, which cost $24.50 e used it for months and finally gave it up
When we became interested in membrane oxygenators we were ac-
quainted with Clowes work but I could not understand how blood
could go through George Clowes machine So we designed our own
Its mamn feature is that the membrane is cut up into sections and the
bag 15 sew ed mto the tube of polyethvlene The blood goes down and
through capillany movement reaches the patient in rivulets You can
tell immediateh whether you are getting good distribution or whether
there are any leaks developing by wisual control This remarkable
oxygenator has a capacity of 12 umits Our objective has been to use
1200 cc per minute If the venous saturation 1s around 80% we can get
90Z saturation at outlow Many of our total perfusions are of 30
gnutm duration so our arterfal oxygen saturation falls to a level of

%

The blood 15 kept at the lower end of the reservorr This unit holds
about 500-700 cc. For our total by pass experiments we use 2 units of
blood, and the apparatus eliminates any danger of antifeam emboli
I am not sure if the danger of fibrin emboh is any less The difficulty
has been in obtuining adequate ovygenation As an md we put the en
tire apparatus in a big box and increase the pressure to 200 mm Hg
Temperatures in the box above 35°C seem to improve oxy genation

DR JOHN ] OSBORN San Franciseo I have prepared a paper on
surface tension which I am not going to use There are some points
which came up which seem to be more interesting than my prepared

The first thing that strikes me in the design of oxygenators is that
like the design of afrplanes evervthing you do is a sort of compromise
We have heard from one end to the other of different Knds of com
promises todny  One of the most important things one has to compro-
muse on {s simplicity The first car my father used had a very simple
carburetor which never worked The carburetor of my modern car is
veny complicated but works without trouble We want simplaity for
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Frc 37 Silk thieads aspnated fiom operative field and Teflon shavings from
the ovygenator, both of which entered eatiacorporeal circulation durning use,
a filter for blood m the circuit 1s necessary to safety (Dr Kolff)

mcreases to very lhuigh levels, 690 mm Hg The lower line 1 the graph
mmdicates the conventional way of determming oxygen in blood m
volumes percent It 1s very difficult to detect over-oaygenation m this
way as only a few volumes percent of oxygen physically dissolved m
the blood are responsible for the extreme mcrease m oxygen tension

2) TANKS WITH UNDILUTED CO, SHOULD BE AVOIDED
If one wants to add CO, to the gas mixture 1n any type of ovygenator
to avoid excessive removal of CO; from the blood, the CO, should not
be added from a tank with undiluted CO. If the gauge 1s off, which
according to our experience 1t may well be, intoxication with CO, may
result However, any desirable concentrations of CO, may be arrived
at by mmang pure ovygen with ovygen contamning 3% CO. In this way
1t 1s 1mpossible to get a higher concentration than 3% of CO_ m the
final mnture even if the gauge 1s faulty

3) ONE MUST HAVE A FILTER IN THE ARTERIAL OoUT-
FLOW LINE A 50 gauge stamless steel filter 1s shown in Figure 37 Silk
threads were retriesed from the filter They had been sucked up in the
open heart Teflon shavings were dernved from a commercially avail-
able ovvgenator We have put this filter betwceen slowly curved poly-
vinvl tubings of 17 1D In Iagure 37 this tubing 15 not bent downwards

such as it 1s during actual use Even very small bubbles arc reluctant
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Fic 38 A Axp B Antenor and lateral view of the pump-ow genator
used by Salisbury

useful in the treatment of acute heart failure We have designed and
tested a disposable heart lung machine with automatic safety features
which has a blood capacity of 350 ce (in the adult this low priming
volumo would permit the use of plasma as a priming fluid) and which
can safely pump and arterialize 1 500 cc per minute (Fig 38A & B)
Both our surgical and our new “medical” heart lung machines arterd
alize blood with the DeWall principle a continaously renewed cushion
of blood-oxygen foam is used as the filming agent for the venous blood.
The gentle bubbling of largo gas bubbles is not traumatic and is well
tolerated by the blood In this connection it must be said that the
criticism which is so often leveled against the “foam” type of gas ex
change equipment is hard to understand. Nothwithstanding the merits
of many membrane flm type machines (they also have serfous Limita
tions and disadvantages which are not so often publicized) there has
never been any evidence whatsoever which would prove acceptably
the touaty of “foam™ tvpe gas exchangers The physical principle
which must be used in the separation of gas and blood 15 well known
As we demonstrated m 1954 60 cm of honzontal tmnsit of a shallow
Twer of blood will effectively eliminate even the smallest bubbles The
groat vanability in the performance of the DeWall machine cannot
indict the foam principle Firsth this machine has been used with
outstanding success in mam centers and secondly dhuppoinﬁng per
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the operator but we do not necessarily need simphcity m the design
Another consideration 1s how much hemolysis we will tolerate We do
not want hemolysis, 1t 1s an indication of trouble If the red cells
hemolyze this may be evidence that some other molecules 1n the system
may be also damaged, yet extreme attention to hemolysis may require
serious complexities mn assembly

A third thing to consider 1s mherent safety due to design One ex-
ample of this 1s Dr Poth’s pump which he described earlier

The last thing which strikes me as important 1n thinking of the var-
ous compromises one has to make 1s disposability I think disposabihity
1s important When you can get something clean and sterile ready to
use and then can throw 1t away afterwards, that 1s important You have
to make a lot of compromises 1f you want to get disposability Yet I
think 1t 15 one of the most important considerations in design I think
1t 15 nteresting to consider these previous papers in terms of what
compromises were made and what considerations were stressed most
i working out the chosen design

DR PETER F SALISBURY, Los Angeles, Calfornia It 1s a real
pleasure to take part in a meeting on perfusion where so many of the
pioneers are present The many new faces are evidence of the tremen-
dous mterest in perfusion and attest the status attamed by this group
of procedures Judging from the program, the many speakers and dis-
cussants are expected to describe theiwr particular type of equipment

The heart-lung machine, which has been developed here for surgical
purposes (J Appl Physiwol, 9487, 1956), can pump and arteriahze
5,000 cc blood per minute, has a primmg volume of 1,500 cc, 1s com-
pletely free of bubbles and clots, does not cause detectable hemolysis
in many dogs and humans when running as long as 60 mmnutes with
complete by-pass when there 1s no excess suction n the coronary return
system It does not seem to destroy an appreciable number of platelets,
can maintain and control the blood pH by gas flow alone, 1s fully heat
sterihzable, takes about 2 hours to set up and service for each run
(including cleaning afterwards), has fully automatic level and volume
controls, and has been successfully used i patients The automatic
control features and the construction of durable, Teflon- or sihicone-
coated matenials makes 1t somewhat more costly than other similar
equipment, but 1t 15 felt that this 1s no prohibitive disadvantage

The use of heart-lung machincs m open-heart surgery 15 now well
established, but assisted crculation as a treatment in non-surgical hearl
disease 15 onlv m ats mfancy A machme which needs no priming blood
and which 1s therefore opcrating at all times, would obviously be very
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EQUILIBRATOR
OXYGENATOR

Fic 40A axp B Dingram of oxygenator (A) and of oxv genator with
equilibrator added (B) (Dr Rugg)

type has only been used in the lab The different sections of the bags
are not going to be discussed here More interesting is to deal with
some of the observations related to the problem whether it is possible
to elimwnate the danger of air embolism 1 connection with bubble
oxygenation of blood This 15 a matter of nidding the blood of the
minute air bubbles which commonly may be formed m certain po-
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formance and the appearance of bubbles may be due to the modification
of the original apparatus

DR I H RYGG. Copenhagen During the past 1% vear tests have
been made at Rigshospitalet of new and improved disposable plastic
bag ovvgenators for use m a heart-lung machine Working with other
tvpes of oxvgenators 1t appeared desirable to make a disposable oxy-
genator mcluding all the different parts necessarv as one single umit.
stenhzed and ready for use

Bubble diffusion seemed to be the most suitable principle for this
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Fic 39 Plastic bag for ox: genator as used by Rygg, see also
Figs 17 and 18

purpose, and a disposable umit was made by heat-sealing two layers of
thin plastic sheet forming a sort of a bag providing consecutive sections
for arterialization, defoaming hltration and storage of blood

Fig 39 shows a type of the plastic bag oxy genator which 1s used for
flow rates up to 15 hiter per min It 1s equipped with polvarmde fibers
imbedded with a thin laver of silicone antifoam (Dow Corning anti-
foam A) for defoaming and fltration of the blood and with inlets and
outlets for blood and gases Fig 404 1s a diagram of the tvpe w hich 1s
used for blood flows up to 4% Iiter per min and Fig 40B 1s a type with
an additional section called an equibibrator through which nitrogen,
carbon diouide and gases for ancsthesia mav be supphed This last
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EQUILIBRATOR
OXYGENATOR

Fic 40A anp B Diagram of oxygenator (A) and of oxvgenator with
equihbrator added (B) (Dr Rvgg)

type has only been used m the lab The different sections of the bags
are not gomng to be discussed here Mlore mteresting is to deal with
some of the observations related to the problem whether it s possible
to chminate the danger of air embolism in connection with bubble-
ovvgenation of blood Ths is a matter of ridding the blood of the
minute air bubbles which commonly mav be formed in certain po-
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formance and the appearance of bubbles may be due to the modification
of the origmal apparatus

DR I H RYGG, Copenhagen Duimng the past 1% year tests have
been made at Rigshospitalet of new and mmproved disposable plastic
bag oaygenatois for use m a heait-lung machine Working with other
types of oxygenators 1t appeared desirable to make a disposable oxy-
genator mcluding all the different parts necessary as one single unit,
sterthzed and ready for use

Bubble diffusion seemed to be the most suitable principle for this
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Fic 39 Plastic bag for oxvgenator as used bv Rvgg, see also
Figs 17 and 18

purpose, and a disposable unit was made by heat-sealing two layers of
thin plastic sheet forming a sort of a bag providing consecutive sections
for arterialization, defoammg filtration and storage of blood

Fig 39 shows a type of the plastic bag ovygenator which 1s used for
flow rates up to 15 liter per min It 1s equipped with polyamde fibers
imbedded with a thmn laver of silicone antifoam (Dow Corning anti-
foam A) for defoaming and fltration of the blood and with inlets and
outlets for blood and gases Fig 40\ 1s a diagram of the type which 1s
used for blood flows up to 4% hiter per min, and Fig 40B 15 a type with
an additional section called an equilibrator through which mtrogen,
carbon dionide and gases for anesthesia may be supphed  This last
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DR EDWARD S HYMAN New Orleans La Several years ago we
undertook the making of an oy genator Although it was casy to nerate
blood by bubbling it was soon apparent tous that what was nceded was
a mechameal device containing as a sterile preassembled and dispos
able plastic unit that portion of the device that was in direct contact
with blood which could be mass produced while using the mechanteal
apparatus oy er and over again Sheet vinyl plastic offered a great versa
tility for the design of a unit that could be autoclaved After construct
ing several bubblers and fllmers a unit was tested successfully on dogs
It is a single unit including tubing which hangs from a metal rod It is
stored stenle in a smnll package ready for use i a few minutes

1 believe that the original maintains a distinet advantage in efficiency
over the Travenol (Baxter) modification by virtue of its oxygen dis
persion system and the placement of the filter The oxygen is slowly
and evenly distnbuted by a Jong tube with many pinholes Oxygen flow
1s regulated so that the color change in the blood is complete by the time
it reaches the end of the tube This results 1 an oxygen flow rate which
1s much less than is commonly used and allows some control of pO,
There is a broad filter up in the resen owr where the hnear flow rate fs
slow It is effective in removing not only solid emboli but also bubbles
should they be present

We have gone on to modifv this original design and now have arnved
at a unit that allows a flow of eight or nine times its retained vohmno
per minute with freedom from bubbles One can test a dog using only
a little saline to prime this unit. Its design should result in greater
safety when it {s enlarged to require priming by blood

It is mteresting that we too made a pump of sheet plastic similar to
that of Dr Poth using flutter valves which can be mtograted into the
oxygenator unit

DR. DWIGHT E HARKREN Boston One uses 2000 cc of blood (dog
or human not stated) and time and rate of flow are variable The next
man uses fresh human blood at 500 ce a minute for 15 minutes another
1500 cc. of outdated human blood at 3000 cc a minute over and oyer
again in his pump Hemolvsis of course cannot be translated from one
cliic to another in such terms The fragility of blood +ares from animal
to animal, human to human nd day to day All of these factors are
altered by volume rate and duration of flow through the pump Fur

thermore we need to know whether an oxy genator animal or patient
Was in the circuit
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sitions 1 1n the oxygenatoi, 2 1 the defoamimg where greater bubbles
break, 3 where blood 1s allowed to fall with too great a velocity agamst
an underlymng suiface and 4 where blood 1s sucked mto a pump with
a short and forcible filling period

Accordingly a simple defoammng at the top of a bubble oxygenator
1s not sufficient for 11dding the blood of air bubbles An additional
procedure 1s necessary after which there must be no possibility of new
bubbles to be formed later on in the system

A small quantity of mmute bubbles 1s almost impossible to demon-
strate 1 whole blood experiments Therefore human plasma has been
used 1n which the bubbles may be seen directly The bubbles are
demonstiated by making some folds 1n the plastic sheet at the arterial
reservorr of the bag Under certain conditions bubbles aie gathered
in some of the folds at certam places and can be seen directly or by
means of a magmfying glass

As the result from these eapeiniments 1t could be observed that

1 Without any additional procedure every designed bubble oxy-
genator examined had a critical plasma flow rate above which minute
bubbles could be demonstrated This flow (1 to 1% htre/min) was
related to the veloaity of the plasma and, but to a lesser degree, to the
gas flow rate

2 The passage of the blood through a filter made of silicone-coated
polyamide fibers was found to be sufficient for rndding the plasma of
these mmute bubbles even at flows up to 6 hiters/min

3 Another observation not connected to bubbles, which, however,
may be of even more mmportance with regard to the problem of em-
bolism was found By application of silicone directly at the mner side
of the defoaming sections of the bags small dots and drops could be
observed 1n the plasma at flow rates between 2 and 3 hters/min This
was also the result, when silicone was smeared dnectly on the poly-
amde fibers Gross examiation of the defoaming products revealed that
these particles were silicone These observations wete usually related to
the way m which this material was applied and after the fibers have
been sihconized by means of a thin solution of sihcone i ether m
which they are dipped and no other silicomzing 1s used, particles have
not been observed

Howen er, this 1s a point of importance, and 1f particular attention has
not been given to the apphcation of sihcone, this may have resulted
some deaths previously considered to be caused by air embolism,
although we have no dircct proof of death from sthicone
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ox genator at the rate of 4 liters per minute results in no drop in
platelet count no alteration of fbrinogen content only a few flecks of
fibrin separate out on the mylon mesh and the plasma hemoglobin in
creases 5 to 10 mgm%

Figure 41 shows a double deched operating room This arrangement
allows gravity flow from the patient dircetly into the oxygenator which
is placed under the opcrating table The operating tablo is supported
at 1ts four comers and not at the center The lower deck need be only
sufficiently high to allow headroom

The ox genator chamber is a thin walled Tygon (5-22 1) tube such
as is used to fabricate blood stornge containers This tube is filled with
nylon mesh (30 ft X 6 ft) The mesh protrudes from the end of the
plastic tube to dip into the blood reservoir below and functions as o
“wick” to afford a smooth flow of blood without splashing and bubble
formation. The theoretical surface is about 350 000 square centimeters

At a flow rate of 1 hter/min the oy genator entraps about 300 ¢ ¢. of
blood and at a flow rate of 4 liters/min approximately 800 c ¢ of blood is
entrapped. Transit through the oxy genator occurs in approximately 10
seconds The blood and humidified gascous mixture (95% O, and 5%
CO,) enter at the top of the sealed chamber The lower end of the
chamber is open and does not dip into the blood m the reservoir

DR FREDERICK § CROSS Cleveland Although we have been
very satisfied with the function of the oxygenator described as tho
Gross Dennis and hay we have been making modifications which we
think will improve the functioning of the oxygenator Obviously oxy
genation could be carried out to indefinite amounts by increasing the
length of the cvlinder and the number of dises There is a difference in
flow which has been a minor one to date We plan to standardize
further the oxy genator in parallel discs or 1 the number of discs This
mafntains a critical distance at the peniphery The discs rotate against
each other in this manner In the early evperiments the rexolutions
used were around 190 per minute which we felt to be the upper critical
level. By increasing the present disc level to lugher speed we make
the penpheral speed of the disc the same as the draining disc, and we
will be able to get more oy genation In additron this will overcome the
slight degree of churning we get at the periphery Fmally there is
some twrbulence where the blood enters Obviously with the blood
entering in jets the imount of turbulence will be increased Dr Syrach
at Columbia has made a larger base disc which is of help in this re

spect We feel that by pursuing these modifications some of these
problems will be lesscned
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DR EDGAR J POTH, Umversity of Texas Medical Branch, Galves-
ton, Texas I should like to present another type of oxygenator which
might be called a “smear oxygenator ” The blood-gas mterface 1s ob-
tamed by spreading blood mechanically onto a surface i an atmos-
phere of O,-CO,

The exchange chamber 1s a thin-walled Tygon tube filled with a
rolled nylon mesh material which can be autoclaved and 1s disposable
Ninety-five per cent saturation 1s obtamed with a flow rate of 4 hters
per minute of blood and 10 liters per minute passage of 95% O,-5% CO.
through this exchange chamber

There are no bubbles formed Prelimmary primmg or flooding of
the chamber 1s required Ten passages of 10 Iiters of blood through the
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DR SAMUEL RAPLAN Cincinnati About eight years ago Dr
Leland C Clark of our group onginally descnibed the method of
coalescence of cxcess gas in blood by the use of antifoam (polymethyl
silosane) This method is an essential part of all bubble oxygenators
and T am pleased that it has been accepted universally In our bubble
ovygenator ox) genation occurs mn a chamber having a pressure of
about 100 mms g below atmospheric pressure and 13 accomplished
by the exposure of venous blood to small otygen bubbles (+ 20
microns) Although the large surfuce arca produced by small bubbles
is excellent for ovygenation of blood the simultaneous use of larger
bubbles (== 200 microns) insures the removal of adequate amounts of
carbon dioude We have monitored our human and animal perfusions
by the continuous recording of the oxygen tension (measured polar
ographically) and pll of the artenal blood We are able to control the
arternal pO; to within 10 mms Hg and the pH to four one hundredth
of a unlt In our small senes of eleven human perfusions a pulsatilo
pump returned artenal blood which had a tension of betw cen 400 and
580 mms Hg We havc not noted any deletenous effects produced by
perfusion of humans or dogs with arterial blood having a gh oxvgen
tension We believe that a pulsatile artenal return is not dangerous and
may indeed be beneficial particularly m a state of low flow rate which
may on oceasion be inadvertently encountered.

DIt ROBERT $ SHAW Boston I beheve that the bubble axygena
tor does produce a “beat up” blood a little more than the other oxy
genator but this is the poor man s oxygenator and we intend to make
the most of 1t Wo have tried to find out what causes hemolysis in the
bubbling oxygenator In the first place hemolysis takes place at a rate
which is constant with time It is not a problem unless the procedure
goes beyond one hour The objective is to make perfusion possible for
@ long time  Hemolysis or rate of hemolysis 13 also hnear with the rate
of bubbling After thinking about this air delvery which Dr Clowes
brought out we compired the mate of hemolvais using warm satu
rated onvgen with its rate using dny oxygen we found about 40% reduc
tion m the rate of hemolvsis using warm “wet-ovygen ”

W also wondered about toxicity of 100% ovygen and live red cells
We know 1t is toxic to those cells under long exposure but there was no
bubbling up to one hour when w¢ used warm ovy genated air

DR HUGH F FITZPATRICKR New York I would Ike to make
aven simple but prichcal suggestion for those who are working with
the Sigmamotor pump It s well known at the Unnversity of \Minnesota,
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DR HENRY T BAHNSON, Baltimore We have been mterested in
the possibility of pyrogens causing difficulty with perfusions Pyrogens
cannot be easily demonstrated, the most sensitive test bemng mjection
into a rabbit with subsequent observation of temperature Matenal
crrculated through the pump could be pyrogenic at times Although bac-
teria are among the common types of pyrogens we could not usually
grow bacterta and knew of no way the apparatus became contami-
nated Mr ] F Edwards, an engmeer 1 our team, suggested staimng
the material liming the tubing at the end of a “run”, he found 1 per cent
toluidine blue would stain material on the screens and other parts I
would emphasize that this material was present after an extraordmanly
thorough cleansing of all equipment with scrub bushes and various
detergents We were not sure of the significance of these deposits but
were happy to learn that soaking in 20 per cent sodium hydroude for an
hour removed 1t without damaging lucite or steel parts We boil the
steel parts for good measure (see Figure 42)
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extracorporcal arculation after usc despite “thorough deansing,” suggests this

1s a source of prrogens in the use of pump oxvgenators and emphasizes the
‘

need for disposible “single-use ” umts (Dr Bahnson)



Discussions on Oxygenators 115

DR SAMUEL KAPLAN Cincinnati About cight ycars ago Dr
Leland C Clark of our group origmally described the method of
coalescence of excess gas n blood by the use of antifoam (polymethyl
silorane) This method is an essential part of all bubble oxygenators
and I am pleased that it has been accepted universally In our bubble
owgenator ovygenation occurs in a chamber having a pressurc of
about 100 mms Ilg below atmospheric pressure and is accomplished
by the exposure of venous blood to small oxvgen bubbles (= 20
microns) Although the large surface area produced by small bubbles
is excellent for ovygenation of blood the simultaneous use of larger
bubbles (+ 200 mucrons) insures the removal of adequate amounts of
carbon dioude We have momtored our human and animal perfusions
by the continuous recording of the oxygen tension {measured polar
ographically) and pH of the artenal blood We are able to control the
arterial pO. to within 10 mms Hg and the pH to four one hundredth
of a unit In our small series of eleven human perfusions a pulsatile
pump returned arterial blood which had a tension of between 400 and
560 mms Hg We have not noted any deleterious effects produced by
perfusion of humans or dogs with artenal blood having a high ovygen
tension. We believe that a pulsatile arterial return 1s not dangerous and
may indeed be beneficial particularly in a state of low flow rate which
may on occasion be inadvertently encountered.

DR. ROBERT § SHAW Boston I believe that the bubble oxygena
tor does produce o “beat up” blood a little more than the other oxy
genator but this is the poor mans oxygenator and we intend to make
the most of {t We have tried to find out what causes hemolvsis in the
bubbling oxygenator In the first place hemolysis takes place at a rate
which 15 constant with time It 1s not a problem unless the procedure
goes beyond one hour The objective 15 to make perfusion possible for
a long time Hemolysis or rate of hemolvsis is also linear with the rate
of bubbling After thinking about this air deliners which Dr Clowes
brought out we compared the rate of hemolysis using warm satu
rated oxy gen with its rate using drv oxygen we found about 407 reduc
tion fn the rate of hemolvsis using warm “wet-oxygen ~

We also wondered about toacity of 1002 oxygen and hve red cells
We know it 15 touc to those cells under long exposure but there was no
bubbling up to one hour when we used warm oxy genated air

DR HUGH F FITZPATRICK New York I would like to make
aven simple but practicnl suggestion for thosc who are working with
the Sigmamotor pump It 1s well known at the University of Minnesote
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DR HENRY T BAHNSON, Baltimore We have been interested
the possibility of pyrogens causing difficulty with perfusions Pyrogens
cannot be easily demonstrated, the most sensitive test bemg mjection
mnto a rabbit with subsequent observation of temperature Materal
circulated through the pump could be pyrogenic at times Although bac-
teria are among the common types of pyrogens we could not usually
grow bacteria and knew of no way the apparatus became contami-
nated Mr ] F Edwards, an engineer mn our team, suggested stamning
the matenial Iiming the tubing at the end of a “run”, he found 1 per cent
tolurdime blue would stain material on the screens and other parts I
would emphasize that this matenal was present after an extraordmnarly
thorough cleansing of all equipment with scrub bushes and various
detergents We were not sure of the sigmficance of these deposits but
were happy to learn that soaking 1n 20 per cent sodium hydroaide for an
hour removed 1t without damaging lucite or steel parts We boil the
steel parts for good measure (see Figure 42)
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(\tmu)rporc.ll arculation after nse despite “thorough cleansimg,” suggcsts this
15 o source of prrogens mn the use of pump ovv genators and anphasizes the
need for dlspr)s.ll)l( smgle-use  umits (Dr Bahinson)
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DR SAMUEL RAPLAN Cincinnati About eight vears ago Dr
Leland C Clark of our group ongmally described the method of
coalescence of ccess gas in blood by the use of antifoan (polymethy1
sibonane) This method {s an cssential part of all bubble ovygenators
and I am pleased that it has been accepted unn ersally In our bubble
oxygenator ov genation occurs in a chamber having a pressure of
about 100 mms g below atmosphenic pressure and is accomplished
by the cxposure of venous blood to small oxygen bubbles (+ 20
microns) Although the large surface aren produced by small bubbles
is excellent for ovygenation of blood the simultaneous use of larger
bubbles (= 200 microns) insures the remosal of adequate amounts of
carbon diovide We have monttored our human and animal perfusions
by the continuous recording of the ovvgen tension {measured polar
ographieally) and pllI of the arterial blood We are able to control the
arternal pO to within 10 mms Hg and the pH to four onc-hundredth
of a unit In our small series of cleven human perfusions a pulsatile
pump returned arterial blood which had a tension of betwecn 400 and
560 mms Hg e have not noted any deleterious effects produced by
perfusion of humans or dogs with artenial blood having a high ovygen
tension. We belicve that a pulsatile artenal return is not dangerous and
may indeed be benefictal, particularly 1n a state of low flow rate which
may on occasion be inadvertently encountered

DR. ROBERT S SHAW DBoston I believe that the bubble oxygena
tor does produce a “beat up blood a httle more than the other oxy
genator but this is the poor manss oxygenator and we intend to make
the most of it We have tried to find out what causes hemolysis n the
bubbllng oxygenator In the first place hemolyns takes place at a rate
which fs constant with time It is not 2 problem unless the procedure
goes beyond one hour The objective 13 to make perfusion possible for
a long time Hemolysis or rate of hemolysis is also Linear with the ratc
of bubbling After thinking about this air delivery which Dr Clowes
brought out we compared the rate of hemolysis using warm satu
rated ovvgen with its rate using dry oxygen we found about 40% reduc
tl(mrm the rate of hemolysis using warm “wet-oxy gen "

\ r\\c also wondered about toxicity of 100% oxy gen and live red cells
Ve know it is totic to those cells under long exposure but there was no
bubbling up to one hour wlhen we used warm ozvgenated air

. \DR HUGH F FITZPATRICK, New York T would like to make
i) e;; simple but practical suggestion for those who ure working with
¢ Sigmamotor pump It is well known at the University of Minnesota,
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Fic 43 Effect of varnations in “occlusive” pressures on flow rate when using
Sigmamotor pump (Dr Fitzpatrick)

but I am afraid 1s not known by those just starting to work with this
pump

The pump should be occlusive This problem 1s important because we
wasted many months m not properly adjusting the Sigmamotor pump
The pump 1s designed to be an occlusive one, and only 1f so adjusted
will the flow remam constant against pressure Figure 43 shows the
mnfluence of resistance on the flow with the pump non-occlusive As one
can see, if the pressure to the flow increases, the flow decreases con-
stderably  This simple problem bothered us for many months as we
were studying dogs at what we thought was 307 flow with an improperly
adjusted pump Conscquently, we were actually running a very low
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flow and as a result we hid a ven high animal mortality Figure 44
shows that when the pump is properly adjusted and is occlushve ono
attamns a constant flow in spite of pressure up to 200 mms of mercury

DR HANS C ENGELL, Copenhagen At the University of Copen
hagen we have for the last vear and a half worked with a disposable
on genator utihizing the portble perfusion equipment We also want to
design a disposable unit Agamn a suitable form scems to be the use of
the bubble diffusion principle Thus new oxygenator is equipped with
synchronous nylon fllters that defoam Our oxygenator 15 suspended
m a plastic case in the hert lung machine

This is another type of the bag oxygenator which is used 45 1 per
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minute This 1s one tvpe of bag used for dog experiments There 1s
an extra section wlhich we call the calibrator for the mtroduction of
mtrogen, CO_ and gases for anesthesia

We had to make some further experimentation m the mestigabon
of minute bubbles to see if 1t were possible to get rid of these mmnute
bubbles Ve tried bubble traps m experiments with blood, but 1t was
not possible to demonstrate bubbles m tlus way Then we used human
plasma To demonstrate mmute bubbles we made some holes in the
plastic sheet Then small bubbles under certain conditions could be
occasionally seen directhy or by the magmfiing glass In these evpen-
ments we could demonstrate that every kind of bubble ox genator had
equal flow which alwavs resulted 1n bubbles 1n the blood

DR STANLEY J SARNOFF, Bethesda I should like to know if
anvone has expertmented on the difference between dog and human
blood Secondly, I think one of the \ erv important pomts that came out
was Dr Kolff's opmmon on O. mtouication which was substantated by
Dr Kaplan’s findings Would 1t be the consensus that Dr Kolff should
review oxvgen mtoucqtlon since 1t 1s known that a human e\posed to
oxygen for 12 hours will continue to have CO. m the blood®

DR WILLEM ] KOLFF Cleveland In the German Handbuch
Der Inneren Medizin, VI/2, 1954, revised bv G v Bergmann, W Frey
and H Schwiegk, there 1s a short summarv about oxygen intovication
Over-O\yGenauon 15 brought about nearly alwavs bv forcing the
ammals to breathe owvgen under high tenmsion w hich results m
cerebral svmptoms and convu]smns 'md the Iike and will later result
m pulmonarv damage Strangely enough if vou have very high oxvgen
tension m your plasma your oxyvhemoglobin does not get reduced, you
are limited n the transport of CO, for which reduced hemoglobmn 15
very mportant I am quite sure that our reason for looking nto this
was stimulated bv Doctor Kirklin I understand that m the past we.
as well as Doctor Kirklin, have seen patients where everything ap-
peared all rght and everybodv was quite happv at 7 or 11 pm, and
vet at 4 am the patient for some unknown reason did not do well
Some showed cerebral damage, one showed very strange motthing o\ er
the bodv Since we have used the polarograph to avoid over-oxy genat-
ing, we have seen none of these comphcations

QUESTIO\ In the Handbuch, what was the time Iimut g en?

AxsweER (Dr Kolff) I recall that two hours of pure oxygen 1s the
upper it for man, that 1s breathing pure ovigen undcr normal

pI'CSSUI'C
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DR JAMES V MALONEY Los Angeles I would Iike to maho a
comment or two During one tour of duty with the Ammy we were
mterested in oxvgen tensions in pilots breathing pure oxygen During
a later tour of duty with the Navy we were mterested in oxy gen tension
in divers and submarine crews Thero was an enormous amount of
moncy spent after the war up to 1949 im estigating ovy gen tension and
it was pretty well concluded that oxygen intonication is not a serious
problem under the conditions encountered 1 pump-oxy genators of the
tvpes used in surgery at this Hime

DR. STANLEY | SARNOFF National Heart Institute I think that
since the maximum pressure we are w orking on 15 750 mm Hg ovwgen
poisoning as a serious problem can be elimmated

DR JOHN W RIRKLIN Rochestcr 1 rise to the question that per
haps conditons may occur dunng cardiotomy which are not the same as
seen in the intact man Fornstance the intact man oxvgenates blood at
normal temperature In most oxvygenators ocaygenation does not occur
at body temperature Blood pO, in an oxygenator at 20° C might be
come significantly higher when it 15 suddenly increased to 38°C I thunk
also one has to take into consideration the possibility that blood with a
PO, of 690 mm Hg at 29°C would be suddenly increased when exposed
to temperature of 38°C and might produce oxvgen damage I think
there is no evidence that high oxvgen tension during extracorporeal
perfusion is deleterious We all should look into this problem, because
there is some evidence that it might be a factor which causes damage
during perfusion at lower temperatures (29-30°C) or with pO, change

DR. FRANK GERBODE, San Francisco In regard to the question
of oxygen toxicity I should like to mention that we have carried ap-
proxdimately three hundred patients having valvotomies or other cardize
procedures on one hundred per cent oxygen alone using no inhala
Hon anesthetic and only occasionally pentothal or intray enous demerol
We have no evidence of ovy gen toactty This came about because T
wished to heep the mvoeardium as pink as possible As long as the
retractor is not moved or the bronchi stimulated, the patient remains
quet

There is a difference Ix twcen exposing blood to oxy gen directh and
ndmini.stcrlng ovvgen through an endotracheal tube The former may
cause high ow gen tensions the latter not

This leads me to another aspect of the whole problem of oxygenating
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mmute This 15 one type of bag used for dog experiments There 1s
an extra section which we call the calibrator for the mtroduction of
mtiogen, CO. and gases for anesthesia

We had to make some further experimentation 1n the mvestigation
of minute bubbles to see 1f 1t were possible to get rid of these mimute
bubbles We tried bubble traps m experiments with blood, but 1t was
not possible to demonstiate bubbles i this way Then we used human
plasma To demonstrate minute bubbles we made some holes 1n the
plastic sheet Then small bubbles under certain conditions could be
occasionally seen duectly or by the magnifying glass In these experi-
ments we could demonstrate that every kind of bubble oxygenator had
equal flow which always resulted m bubbles mn the blood

DR STANLEY J SARNOFF, Bethesda I should like to know if
anyone has eaperimented on the difference between dog and human
blood Secondly, I think one of the very important points that came out
was Dr Kolff’s opinion on O, mntoxication which was substantiated by
Dr Kaplan’s findings Would 1t be the consensus that Dr Kolff should
review oxygen intoaication smce 1t 1s known that a human exposed to
oxygen for 12 hours will continue to have CO, 1n the blood?

DR WILLEM | KOLFF, Cleveland In the German Handbuch
Der Inneren Medizin, VI/2, 1954, revised by G v Bergmann, W Frey
and H Schwiegk, there 1s a short summary about oxygen intoxication
Over-oxygenation 1s brought about nearly always by forcing the
ammals to breathe oaygen under high tension which results m
cerebral symptoms and convulsions and the like and will later result
in pulmonary damage Strangely enough if you have very high oxygen
tension 1n your plasma your oxyhemoglobin does not get reduced, you
are Iimited m the transport of CO, for which reduced hemoglobin 18
very mmportant I am quite sure that our reason for looking nto this
was stimulated by Doctor Kirklin I understand that m the past we,
as well as Doctor Kirkln, have seen patients where everything ap-
peared all right and everybody was quite happy at 7 or 11 pm, and
yet at 4 am the patient for some unknown reason did not do well
Some showed cerebral damage, one showed very strange mottling over
the body Since we have used the polarograph to avoid over-ovygenat-
g, we have seen none of these complications

QULSTION In the Handbuch, what was the time hmit glven?

Axswer (Dr Kolff) I recall that two hours of pure ovygen 1s the
upper Iimit for man, that 1s, breathing pure ovygen under normal

pI’CSSUI‘C
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surprised that no one has spoken of this kety has shown that intra atrial
artenal CO, tension is the strongest determinant of cerebrovascular
resistance A low CO, tension (25 mm Hg) results in an increased cere-
brovascular resistance When a low artenal CO, tension is accompanied
by hypotension cerebral blood flow diminishes markedly Thus a nor
mal CO, tension may be said to perrmit cerebrovascular dilatation during
peniods of hypotension
If CO, is not added to the onvgenator a marked respiratory alkalosis
occurs with CO, “washout ™ This occurred in four patients in our series
In spite of arterial oxygen saturations of over 100% and arterial blood
pressures comparable to those of other patients in this senes Theso
patients demonstrated signs of temporary impairment of the central
nervous system e g a dxsturbmgl\ low tolerance for anesthesia following
bypass and delay in rccovery from anesthesia In one case during
byvpass the artenal pCO. was 13 mm Hg Fortunately none of these
patients manifested permanent central nervous system damage
Recently in this series we have been momitoning CO, tensions indi
recthy by continuous analvsis of the gaseous mixture at tho artenal end
of the oxygenator In this manner we are ablo to maintain blood pCO,
at 40 (1) mm Hg by the addition of adequate CO. to the oxygenator
Tn all other cases except the above mentioned four an arterfal pCO;
of 30-40 mm Hg has been mamtamned dunng by pass and there has
:een no evidence of decreased cercbral circulation dunng or after
ypass

DR GEORGE II A CLOWES JR Cleveland O Doubtless wo
shall hear more of carbon diaxide tomorrow In contrast to oxygenators
dependent upon a direct gas blood interface for diffusion the mem
brane oxygenator does not tend to wash out CO, from the blood In
fact, carbon diovide tension rises unless the blood is being delivered at
1 level of more than 85¢ ovgen saturation This means that a fixed
arterial pCO, is established for each oxvgenator during a given per
fusion If the area of membrane is adequate to otvgenate the blood
hypereapnea wall not dex clop

1agree with Dr Bahnson in the disposabulity of orygenators All parts
of the membrane ovy genator which touch blood are thrown away We
have seen non wettable membranes become wettable by the deposit of
axery thin laver of protemn substance on them This does not seem to
interfero with ovwy genation nor does 1t seem to trap thrombocytes or
leucocytes Dr holff with lus coll membrane ovy genator found about the
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blood on film oxygenators I presume many of you have noticed that
occasionally the film characteristics of the blood may be quite different,
affecting the ease with which 1t can be oxygenated Are the differences
due to variations i the composite proteins present, or may 1t not even
be related to the diet of the donor? Believing that having a shghtly
ligher fat content mmght improve the filming characteristics, I sug-
gested several months ago that we should allow the donors to eat
before taking their blood It 1s our impression that the blood does
film bette:r under these conditions than when the donor has been
starved

DR JOHN F PERKINS, JR, Chicago I can contribute very little
to oxygen tovicity This problem Dr Kolff brought out 1s very mter-
esting As the blood 1s warmed upon entering the body from the pump-
oxygenator, the oxygen tension must rise n the blood as the result of
the warming process, because the hemoglobmn will not hold the same
amount of oxygen as 1t did at a lower temperature This might cause
a nise of from say 600 to 700 mm i the osygen tension of the blood

Not much 1s known about the basic mechamsms of oxygen touicity
I think there 1s some evidence that peroxides are bemng formed as mn
radiation sickness This may cause cerebral edema Dr Kenneth Penrod
has shown that mhalation of oxygen causes pulmonary atelectasis i rats
I think we can separate out the atelectatic damage of the lung mn the
pump-oxygenator situation because the lung 1s empty during perfusion
We could consider other factors possibly related to oxygen toaicity such
as cerebral damage, which certainly should be mvestigated

DR DAVID MENDELSOHN, Cleveland, O Furst of all, I feel that
I must say a word on oxygen toxicity We, as has Dr Kolff, have been
usimg a Kay-Cross oaygenator, and have the largest clinical series 1
which this machine has been used exclusively Since February of this
year, we have monitored oxygen tension, utihzing the Clark oxygen
polarograph In all cases prior to bypass, the O, tension 1n the oxy-
genator has been high (over 400 mm Hg) Frequently, during bypass,
especially with small children, we have observed very high O, tension
in the artenal blood We have seen no evidence of oxygen toucity,
neither cerebral nor respiratory, in the postoperative period If the

atients deteriorated postoperatively the cause was quite clear and
usually related to a defect in arculatory dynamics

\We have been mterested m CO_ tension during perfusion I am
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surprised that no one has spoken of this kety has shown that intra atrial
arterial CO; tenslon is the strongest determinant of cerebrovascular
resistance A low CO, tension (25 mm Hg) results m an increased cere-
brovascular resistance When a low arterial CO, tenston is accompanied
by hvpotension cerebral blood flow diminishes markedly Thus a nor
mal CO; tension may be suid to permit cerebrovascular dilatation during
periods of hypotension

If CO; is not added to the ovvgenator a marked respiratory alkalosis
occurs with CO, “washout ™ This occurred in four patients in our series
In spite of arterial ovvgen saturations of over 1007 and arterfal blood
pressures comparable to those of other patients in this series These
patients demonstrated signs of temporary impatrment of tho centrnl
nervous system e g a disturbingly low tolerance for anesthesia following
bvpuss and delay in recovery from anesthesia In one case durmg
bvpass the artenal pCO, was 13 mm Hg Fortunately none of these
patients manifested permanent central nervous system damage

Recently in this series we have been momtoring CO, tensions mdi
rectly by continuous analysis of the gaseous mixture at the arterfal end
of the axygenator In this manner we are able to maintain blood pCO,
at 40 (+1) mm Hg by the addition of adequate CO; to the oxygenator

In all other cases except the above mentioned four an arternl pCO,
of 30-40 mm Hg has been mamtaned during by pass and there has
been no evidence of decreased cercbral circulaion during or after
bypass

DR GEORGE H A CLOWES JR Cleveland O Doubtless we
shall hear more of carbon diodde tomorrow In contrast to oxy genators
dependent upon a direct gas blood interface for diffusion the mem
brane oxygenator does not tend to wash out CO, from the blood In
fact, carbon dioude tensfon nses unless the blood is being delivered at
a level of more than 85% oxygen saturation This means that a fixed
arterial pCO, is established for each ovygenator during a given per
fusion If the area of membrane 15 ndequate to oxygenate the blood
hvpercapnea will not develop

Lagreo with Dr Bahnson in the disposability of oxygenators All parts
of the membrane ovy genator which touch bloed are thrown away We
have scen non wettable membranes become wettable by the deposit of
aveny thin laver of protemn substance on them This does not seem to
interfere with ow genation, nor does it seem to trap thrombocytes or
leucocytes Dr Kolff with lus coil membrane oy genator found about the
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same degree of cell destiuction or disappearance as that observed by
us However, this deposit 1s hard to remove and may be a source of
serious trouble unless thrown away

I do agree with those who want some standardization of terms and
values But I think that ceirtamn physiological standards are necessary
first What damage 1s done to the blood? What damage i1f any does per-
fusion cause? What 1s the smvival 1ate with prolonged total perfusions?

DR HUGH H BENTALL, England It 1s rather surpusing to be
called on I had no intention of standing before you and talking about
oxygenators I know 1t 1s a very dangerous topic to take a stand on

We have been woiking with the Melrose oxygenator m London for
the last six years I think it may be of help to those of you who are
not as advanced as the leaders in this field—and we aie certamnly not—
to indicate some of the thinking which caused us over the years to
modify our apparatus and the way we use 1t At the outset the 1deal
seemed to be a fully automatically controlled apparatus This was quite
successfully achieved The peak of such apparatus 1s seen m the
present machine at Rochester Can we not have a simplified and auto-
matically controlled apparatus in such a way that the machine becomes
self-regulating and less dependent on electricity o1 mechanical -
genuity® I am sure we can The way we have been modifying the ap-
paratus has been first m employmng gravity dramage Thete 1s no
mystery 1n gravity, 1t 1s a method of continuous suction It minmmizes
the difficulty of venous flutter and overcomes the difficulty of collapse
of the vena cava over the venous Ime It 1s not as self-1egulatory as the
apparatus of Dr Clowes with his fixed volume content which 1s self-
regulatory as long as no blood 1s lost from the patient

The ovygenator we are using 1s the type devised by Dr Mehose
which ovygenates blood up to 4 liters per mmute This 1s not the 1deal
to be achieved, but 1t has the menit of a Jow priming volume

I want to ask a question Can we really agree on parameters for
comparison 1n pumps® This has been stressed before I would say that
we should set up some defimte 1deas with respect to pumps and ovy-
genators, and let the Commuttee arrive at some definite instructions for
all of us who use them There were many good 1deas presented today
which, 1if used, may succeed in displacing some of the older apparatus
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same degree of cell destruction or disappearance as that observed by
us However, this deposit 1s hard to remove and may be a source of
serious trouble unless thrown away

I do agiee with those who want some standardization of terms and
values But I think that certain physiological standards are necessary
fiist What damage 1s done to the blood? What damage 1f any does per-
fusion cause? What 1s the survival rate with prolonged total perfusions?

DR HUGH H BENTALL, England It 1s rather surprising to be
called on I had no mtention of standing before you and talking about
ovygenators I know 1t 1s a very dangerous topic to take a stand on

We have been working with the Melrose oxygenator m London for
the last six years I think it may be of help to those of you who are
not as advanced as the leaders i this field—and we are certainly not—
to mdicate some of the thinking which caused us over the years to
modify our apparatus and the way we use 1t At the outset the 1deal
seemed to be a fully automatically controlled apparatus This was quite
successfully achieved The peak of such apparatus 1s seen m the
present machine at Rochester Can we not have a simplified and auto-
matically controlled apparatus 1n such a way that the machine becomes
self-regulating and less dependent on electricity or mechanical m-
genuity? I am sure we can The way we have been modifying the ap-
paratus has been first in employing gravity dramage There 1s no
mystery 1 gravity, 1t 1s a method of continuous suction It minumzes
the difficulty of venous flutter and overcomes the difficulty of collapse
of the vena cava over the venous line It 1s not as self-regulatory as the
apparatus of Dr Clowes with his fixed volume content which 1s self-
regulatory as long as no blood 1s lost from the patient

The owvygenator we are using 1s the type devised by Dr Melrose
which ovygenates blood up to 4 hiters per minute This 1s not the 1deal
to be achieved, but 1t has the merit of a low priming volume

I want to ask a question Can we really agree on parameters for
comparison 1n pumps® This has been stressed before I would say that
we should set up some definite 1deas with respect to pumps and ovy-

enators, and let the Commuttee arrive at some definite instructions for
all of us who use them There were many good 1deas presented today
which, if used, mav succeed m displacing some of the older apparatus



THE PHYSIOLOGY OF PERFUSION
SECTION 11






WHAT 1S ADEQUATE PERFUSION?

By

Joun W Rk, M D., Dwicir C McGoon, M D,
Rosert T Patrica, M D, and Ricaro A Tueyg, M D

Fon runroses of open ntracardiac surgery whole body per
fusion is constdered adequate when 1t allows accurate unhurried
operation and recovery of the patient Discussion of adequacy of
perfusion in terms of flows pressures saturations and the lihe 15
incomplete unless these variables can be related to the establish
ment of good operating conditions and to survival of patients
without 11l effect from perfusion

It is recogmzed that one surgeons opmion as to good or poor
operating conditions may not be shared by another Likewise in
review of a series of cases 1dentification of imperfect perfusion as
a cause of death 1n certain of the nonsurviving patients must in
part, be a matter of opinion In spite of this it 1s felt that a discus
sion of adequacy of perfusion based upon chnical experience
might be advantageous at this time

MATERIAL AND METHODS

The first 245 patients operasted upon with perfusion on one
surgical service at the Mayvo Clinie form the basis for this discus-
sion Open intracardiac surgical treatment was the indication for
perfusion m all The operations were done between March 23
1855 and August 24 1957 The anatomic diagnoses are shown on
page 137 Ages vaned betwecen two and one half months and
forty seven years The spectrum of patients subjected to surgical
trcatment has remained unchanged throughout the serles The

type of cases m the group of patients wath ventneular septal de-
fect bas been pres ioushy desenbed *

Light cther anesthesia and bilateral antenor thoracotomy were
cruployed i all cases Basic technic for cannulation was standard

135
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F1c 45 Modified Gibbon-type pump-ozvgenator

thioughout,” and mcluded mseition of the aiteiial cannula mto
the aoita thiough the previously divided subclavian artery Each
500 cc of donor blood contamed 15 mg of heparm Hepain was
admimstered mtiavenously to the patient just puor to cannula-
tion, m a dose of 3 mg per kilogram of body weight, except late
m the seiies when the dose m adult patients was changed to
90 mg per square meter of body smface Protamime was given
mntravenously to the patient when the heparin effect was no longer
needed, i the same dosage as used for the heparm

A modified Gibbon-type pump-oxygenator®* was employed
for all perfusions (Fig 45) The conduct of perfusion n eaily cases
was based upon the laboratory experience that preceded clmical
applhication Ceitamn alterations have been made m the conduct
of peifusion during this experience, based upon changing con-
cepts, climical experience, laboratory data and the 1epoits of other
workeis

The record of each patient m the seiies has been caiefully
reviewed Necropsy was performed 1n all patients who died save
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one Evidence of possible 11l effects of perfusion has been sought
m each surviving patient

Each death has been classificd as aither related to perfusion or
not In certam cascs the nssignment of cause of death is difficult
but 1t is believ ed that in light of present knowledge the separition
mto perfusion and nonperfusion deaths can be cffected with
reasonable accuracy A perfusion death 1s one considered related
to the perfusion itself or to any purt of the surgical anesthetic
or supportivc management necessitated by the use of the pump-
axygenator Deaths considered not related to perfusion mnclude
those from heart block and from grossly madequate repair
Chrome heart failure 1reducible pulmonany hvpertension and
severe pulmonany vascular changes were present in some patients
n both categonies but were not considered m themselves ade
quate explanation for death

ANAL)SIS OF SELECTED GROUPS

It is probably unwise to attempt evaluation of adequacy of
perfusion for intracardme operations in general from analysis of
results in selected groups of cases Low mortality figures for
repair of a relatively simple defect might obscure the possibility
that the deaths although few were m fact related to perfusion
For example repair of uncomplicated atrnal septal defect can be
stated to have an mherent operative mortality which 13 extremely
low Evidence for this s the fact that 119 patients with uncompli
cated atrial septal defect have been operated upon by the atrial
well technic with two deaths a mortality rate of approximately
2 per cent * Thus m repair of atrial septal defect utilizing extrn
corporeal circulation a mortahty figure significantly in excess of
this even though still low must be suspected of reflecting a
perfusion that was not adequate for the patients in the group
who died

Also mortality figures gratifvingly low for a selected operation
do not necessartly gne assurance that a simlar perfusion wall
allow a similar low perfusion mortality for a more complex opern
the procedure The results of operation f

perntion for ventncular septal
defect when viewed alone might be misleading as to adequacy
of perfusion for these patients and as to the safety in application



128 Extracorporeal Cuculation

of a similar peifusion to a more difficult and prolonged operation
such as 1epan of the tetialogy of Fallot In the fiist twenty cases
of ventiicular septal defect operated upon by us there were four
deaths, a mo tality 1ate of 20 per cent At that time 1t was felt
that the four deaths were not 1elated to perfusion, but were more
likely 1elated to the seventy of the pulmonary hypertension and
previous cardiac fartlme Viewed fiom piresent perspective, 1t 1s
neaily certam that thice of the fowr deaths were directly related
to perfusion This seems supported by the fact that in the last
30 opeiations for ventricular septal defect i this series the mor-
tality 1ate has been 1educed to 7 per cent

ANALYSIS OF TOTAL SERIES

All patients m the series aie depicted m Figures 46, 47 and 48
In these, patients are grouped for reasons mdicated m the legend
for Figuie 46 The case number of a patient 1dentifies his position
on these charts

No swviving patient has any demonstrable 1ill effects from
perfusion w1th the exception of three opeiated upon durmng a
period when Pseudomonas mfections were occurring These will
be noted later

Miscellaneous Perfusion Deaths.—In Figuie 46, all deaths re-
lated to perfusion are so indicated Of these, all but seven are
from pulmonary complications or from a syndrome of apparently
sudden death These two categories are discussed 1n detail later
Seven of the perfusion deaths aie from miscellaneous causes

1 Hemoirhage —One of these 245 patients (case 15), a nineteen-
year-old girl with tetralogy of Fallot, died eight hours after opera-
tion from massive continuing hemorrhage In this case, prewously
described by us,® there was an extremely high plasma hemoglobmn
content 1 the mixed blood prior to its circulation m the pump-
oxygenator, suggesting blood mcompatibility as a cause of the
fatal hemorrhagic diathesis

Adequate perfusmn must not result i severe postoperative
bleeding The avoidance of blood trauma m the pump-oxygenator,
the use of large arterial cannulae 1if large flows are employed, care-
ful surgical technic and precise cross-matching of blood are im-
portant to the prevention of this complication
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Fig 4§ Schematic representation of deaths related to perfusion In this and
Figures 47 and 48 coses are In nine groups In cases 1 to 10 the perfusate
rondsted in part of 3.5 per cent solution of polvvinvi purolidene thereufter
use of this yubsiance was discontinued  After case 37 certabn measurey de-
scibed mn the text were taken to prevent pulmonsss complcations Cases
38 through 58 as 2 group were followed by » snall group (cases 59 through
69) in which ngnificant overloading with blood occurred. Caves 70 throngh
107 and those n preceding groups were operated upon without indeced
cardiae asrest In the group of caves 108 through 131 and the groups there
sdter potassm-induced cardice arrest wax ewploved for all operntions in
the ventricles, and for certan other procedures Caser 132 through 172
and thove thercafter are cases in wbich operations were pedormed after the
cardfovascular tervice was transferred from ane of the hospitals associsted
With the Mua Clinic to the othes Late 1 the group of cases 192 through
172, Pyeudomonas wfection appeared, and the entire procedure for steriltza
han of the upparstus was «ltered for cases after case 1~2 Following the
Broup of caser 173 through 208 final mensures were talen to provide the
duiteda“gm tenwan fn the arterial blood
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Fic 47 Schematic 1epresentation of deaths fiom pulmonary complcations

2 Uneaplaned Persisting Hypotension —A patient with tetral-
ogy of Fallot (case 117) died fourteen hours after operation with
progiessing hypotension 1efiactory to treatment An adequate
cause for this was not demonstrated either at neciopsy or at
careful 1eview of the 1ecord

8 Hypovolema —Two nfants (cases 5 and 58) died shoitly
after eatiacorporeal cnculation was discontinued Thele 1s ex-
cellent evidence that both had become pirofoundly hypovolemic
dunng perfusion as a 1esult of mnadequate 1eplacement of blood
lost during the period of cardiopulmonary bypass



What Is Adequate Perfusion? 131

e (TTA T
ZERUBOEREENERREYZE
s H ENEREEREYY)
38-58 ” 20
so~ea [ [ | {711 Jel@f/1 ]
o | / HEREZE
70107 RO o [ [ [ 1T
o8l 1@
108131 l:l—l /L IOI/T.I/ A T T 111
/ D)
132-172 [ J
0
° AT T XX T ]
173-206 i NN ENEN ﬂ
207-245 | [T

Death with 7773 Death without
@ucu!e syndrome umﬂe syndrome

\ |
K Af‘n%g:‘:gey [CIsurvivor

Fic 48 Schematic representation of deaths from acute syndrome of
apparently sudden death

4 Iigh Venous Pressure During Perfusion —One patient (case
162) a twelve year-old boy with a complete form of common
atrioy entricular canal died probably from the effeets of extremely
high superior vena caval pressure dunng perfusion Up untl] the
time of this operation venous pressure 1n the low er extremity was
regularly momitored but that n the upper extrermty only on
occasions and not in this instance During perfusion this patient s
face was noted to be very cvanotic and at the end of the operation
his face and upper extremities were covered by petechiae The
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patient never 1egamed consciousness and died one hour after
operation Although the electioencephalogram was normal durmg
perfusion and the biam showed only cerebral edema at necropsy,
the clmical pictme which was unique m this case seems best
explammed by seveie obstiuction of venous 1eturn from the upper
part of the body

Venous piesswe duning whole-body perfusion 1s related to
blood volume, 1ate of flow, and 1esistance mmposed by the
stiuctures serving as route of tiansfer of venous blood from the
body to the pump-oxygenator In the presence of normal blood
volume and a flow 1ate duming peifusion approximating normal,
the size and method of positioming of venous cannulae are of
cutical importance as 1egards venous piessuie Very large can-
nulae, placed so that the ends le just within the superior and
mfenor cava, aie now employed As a piecaution, since the
experience m case 162, venous pressure 1s continuously monitored
from a vemn n an upper extiemity and mtermittently from a vemn
m a lower extrenuty durmg operation

5 Bactenal Contamination —Until 1ts occuirence m case 161,
there had been no mmmo o1 major nfection save that m case 116,
m which Pseudomonas menmgitis developed fifteen days after
operation A complete cure of this was effected by polymywun
given mtiathecally Howevel, patients 161 and 167 died twenty-
eight days and eighteen days after operation from Pseudomonas
bacterial endocarditis Three other patients operated upon n the
same period as these developed Pseudomonas bacteremia, two
dymg one month after leaving the hospital and the other still liv-
ing although harbormg endocarditis

In view of this evidence of madequacy of the sterihzing pro-
cedures used until this time, changes were made Since the opera-
tion m case 172, the paits of the pump-oxygenator have been
mdividually sterithzed and then assembled with strict aseptic
technic just prior to opelation All parts aie autoclaved except the
few lucite ones, which are immersed m 10 pe1r cent formaldehyde
for two howms Smce the mtioduction of this technic, no further
mfections have occurred and cultuies which are routmely taken
from the machme have been negative

Pulmonary Complications.—Pulmonary complications weie a
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common cause of death and morbidity 1 patients operated upon
early m tls seies The clinieal picture produced by these was
clear \ost often there was profuse tracheobronchial secretion,
occasionally nceurring mmmediately after operation At times the
sectetion was Dloody at times frothy and at times thick and
tenacious Coarse and fine rales could be heard and the roentgeno-
gram of the thorax often showed diffuse motthng and at times
lobar atelectasis When these complications were fatal death
occurred one to six days after operation Necropsy showed the
lungs to contain multiple areas of collapse hemorrhage and
edema

Such complications occurred more often i patients with severe
pulmonary hypertension than 1n others but were not limited to
them On the basis of considerable evidence it 15 believed that
these pulmonary complications result from inadequate perfusion
not from the condition of the heart or lungs of the patient prior
to perfusion

Study of Figure 47 shows that operation and perfusion can be
conducted so as to prevent pulmonary complcations This figure
shows that deaths attnbutable to them were frequent in our early
expenence but have not occurred since the one in case 68 In the
last 177 cases there has been neither death nor unusual morbidity
from pulmonary complications The postoperative care of these
patients has been identical to that of other patients undergoing
thoracotomy

Certain measures appear to have been important in elminating
pulmonary complications First, duning cardiopulmonary bypass
the lungs are motionless but gently inflated with a gaseous mix
ture of 50 per cent oxygen and 50 per cent hehum The ntroduc
tion of this measure 1 the fall of 1855 followed the suggestion
of Gibbon and others that high oxvgen tension might rapidly
damage the alveoli of the lung which has no pulmonary blood
flow Second also mn the fall of 1955 1 order to prevent the
escape of 1 en small amounts of fluid mto tissues during perfusion
the perfusate was gven a more normel colloidal osmotic pressure
by the addition of appropnate amounts of concentrated serum
albumin  to compensate for the normal saline solution used as a

Supplicd through the court =y of the Amncan Red Cross.
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patient never 1egamed consciousness and died one hour after
operation Although the electioencephalogram was normal during
perfusion and the biam showed only ceiebral edema at necropsy,
the chmcal pictme which was unique 1 this case seems best
explamed by seveie obstiuction of venous 1etuin from the upper
pait of the body

Venous piessme dunng whole-body peifusion 1s 1elated to
blood volume, 1ate of flow, and 1esistance mmposed by the
stiuctuies serving as 10ute of tiansfer of venous blood from the
body to the pump-oxygenator In the presence of noimal blood
volume and a flow 1ate duimg perfusion approximating normal,
the size and method of positioning of venous cannulae are of
critical impoitance as 1egaids venous piessure Very large can-
nulae, placed so that the ends lie just within the supertor and
inferior cava, aie now employed As a precaution, smce the
eapelience m case 162, venous piessuie 1s continuously monitored
fiom a vem m an upper extiemity and mntermittently from a vemn
n a lower extremity duimg operation

5 Bactenal Contamination —Until 1ts occunience m case 161,
there had been no mmor or major mnfection save that i case 116,
m which Pseudomonas menmgitis developed fifteen days afte:
operation A complete cuie of this was effected by polymyxin
gven mtiathecally Howevel, patients 161 and 167 died twenty-
eight days and eighteen days after operation from Pseudomonas
bacteral endocarditis Thiee other patients operated upon m the
same period as these developed Pseudomonas bacterema, two
dymng one month after leaving the hospital and the other stil] Tiv-
mg although harboiing endocaiditis

In view of this evidence of madequacy of the sterlizing pro-
cedures used until this time, changes were made Since the opera-
tion 1 case 172, the paits of the pump-oxygenator have been
mdividually stenlized and then assembled with stiuct aseptic
technic just prior to operation All paits a1e autoclaved except the
few lucite ones, which are immeised m 10 per cent formaldehyde
for two hours Smece the mntioduction of this technic, no furthe:
mfections have occurred and cultwes which aie 10utmely taken

from the machme have been negative
Pulmonary Complications —Pulmonary complications were a
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Two patients aged ten weeks and twelve wecks with ventricular
septal defect were successfully operated upon during the time
these deaths were occurring and are alive end cured todny The
syndrome seemed more prone to occur in patients w ho had been
ven, 1ll prior to operation The adoption of induced cardiac
asy stole secmed not to affect its mcldence
Perfusions for the group of cases 132 through 172 and 173
through 208 were by our present standard reasonably adequate
as regards flow rate venous and arterial pressures per cent satura
tion of hemoglobin m venous and arterial blood temperature of
perfusate and patient and blood volume The incidence of deaths
from the acute syndrome had decreased to 7 per cent in these two
groups Its persistence even at this low rate however was un
acceptable
In the last group of this report cases 207 through 245 and in
subsequent cases measures were taken to maintain oxvgen ten
sion 1n the arterial lme between 100 and 250 mm of mercury
The relation between per cent saturation and oxvgen tension in
whole blood was reviewed in the previous report given at this
conference When gaseous flow mnto any efficient oxygenator is
the same prior to establishment of perfusion as 1t is during per
fusion, opportunity exsts for the development of very high oxygen
tension n the arterialized blood Since the operation 1n case 206
control of oxvvgen tension at the start of perfusion has been
achieved by using a gas flow through the oxvgenator of room
arr with added carbon dicade until three mmutes before per
fusion actually begins Then a mixture of 97 per cent ovygen and
3 per cent carbon dioxide 15 employed. Control of oxygen ten
sion during perfusion has been accomplished by using the oxy
genator 1 the manner previously described at this conference ¢
In the last group (cases 207 through 245) there has been no
death from the acute syndrome and indeed no death from per
fusion This increased safety of perfusion has not been accom
plished by shortening the perfusions for in our hands the com
plete and accurate repair of ventricular septal defect tetralogy
of Fallot and common atrioventricular canal continues to be Hme
consummeg  The average perfusion time i this Tast group of
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vehicle for the hepaim employed m each bottle of heparmized
blood These measuies seemed efficacious m the gioup of cases 38
thiough 58, but m the next gioup of cases (59 through 69), m
which gioss overloading of the patient with blood 1s known to
have occuned, there were two deaths fiom pulmonaiy complhca-
tions Smce that time, the avoidance of hypervolemia during and
after perfusion has also been considered essential to adequate
peifusion

Acute Syndrome of Apparently Sudden Death.—After the
elimmation of pulmonaiy comphcations as a cause of death fol-
lowmg peifusion, 1t became appaient that ceirtam patients m
whom the operation and peifusion had seemed satisfactory, none-
theless died In spite of an mabihity at that time to identify the
factors contiibuting to the deaths, 1t seemed that they were 1elated
to perfusion The deaths were often sudden and pait of a syn-
diome

This syndiome consisted of appaiently sudden death, early
after mtiacardiac operation done with the aid of extracorporeal
cuculation Usually the patient appeaied to be convalescing
satisfactorily until trouble struck The symptoms most often ap-
peared m the fist twelve hours and veiy occasionally m the first
how after operation They sometimes occurred as late as thity-six
hows after operation The syndiome was often preceded by a
brief period of 1estlessness, and in some mstances by systemic
hypeitension of moderate degiee The catastiophe itself seemed
ushered m by the abrupt appearance of deep, gasping respirations
with promment employment of accessory muscles of 1espnation
Modeiate cyanosis was sometimes noted After a brief but variable
period, the previously aleit and responsive patient appeaied sud-
denly comatose and 1espnation became feeble and shallow Blood
pressure and pulse usually showed no striking change until a
few mmutes later when 1espnation had vntually ceased, follow-
g which the heart beat slowed and then stopped

Inspection of Figure 48 shows that deaths fiom this acute syn-
diome occuried sporadically until recently Although patients less
than three vears of age seemed more prone to have this syndrome,
it was not limited to them nor did 1t mevitably occun m them
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blood and seems adequate Arterinl pIH 1s 730 to 740 Arterial
blood temperature in the pump-oxygenator 1s 33°C and while
not 1deal, appears at present adequate The patients body tem
perature during perfusion is usually between 35° and 37°C

On the basis of the experience presented and because of the
absence of mortality related to perfusion m the last group com
pnsing thirty nme cases it is believed that perfustons conducted
m the manner described are at present adequate

TABLF I
DistiarTioy of Cuses BT v yrouic Disavoses

Molformation Cases
Ventnedlar tal defect 110
Tetralogy of Fallot 82
atnoventricular canal 18
Pulmonary stenasis 1R
Atrial septal defect with assocmted conlitions 11
Atnal septal defect, uncomplieated 7
Total anomalons pulmonary venous connection 8
Congenital aortic stenost 5
Fingle ventncle 5
Single stnum and cleft mitral valve 8
Ongn of both vessel from nght ventnele 2
Ruptured aneurysm of mnns of Valmiva 3
Jitral stenoms 1
Congenutal combined subvalvular acrtse and pulmonary stenosis 1
Muscellaneous moperable emons 10
Total 245

Complex mallormations which scem anatomwcally ureparable by present technie,
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thnty-nme cases m which theie has been no moitality from per-
tusion has been forty-eight mmutes, with extiemes of twenty-one
mmutes and nmety mmutes The one death m the group of
operable patients 1esulted fiom a Stokes-Adams episode on the
twenty-thnd postoperative day m a boy with complete heart block
subsequent to operation

COMMENT

Extieme emphasis must be placed on the possibility that per-
fusions conducted m a mannes totally different fiom that defined
herem as adequate may be also, m every way, adequate and
desnable It 1s only possible at this pomnt to define the perfusion
for open mtacaidiac operations that would be considered by us
adequate fo1 the patients being operated upon m our mstitution

Flow 1ates of approammately 23 liters per minute per square
meter of body swiface aie used at piesent and aie considered
adequate Early m ow experience flow rates of 75 cc per mmu,te
per kilogiam of body weight weie considered adequate Moffitt’s’
study of these eaily cases and his expression of flow rates as
Iiters per mimute per squaie meter led to the realization that such
flows did not approximate the cardiac output of the hghtly
anesthetized patient prior to perfusion The present flow rates
do Steady flow rates in the neighborhood of 2 3 liters per mnute
per square meter of body suiface are at present achieved by
mamtenance of a normal blood volume, by the pioper positioning
of large-diameter venous cannulae and by the present mode of
operation of the pump-oxygenator

With such flows, and with the ascending aorta cross-clamped
during nduced cardiac asystole, mean aortic pressures within
ten minutes after start of perfusion usually are only 5 to 10 mm
of mercury less than those prio1 to cardiopulmonary bypass
Venous pressures are ordmanly between 10 and 20 mm of
mercury

Blood oxygen tension of 100 to 250 mm of mercury 1n the ar-
terial line 1s considered desirable Duiing these perfusions, venous
saturation 1s between 70 and 80 per cent Carbon dioxide tension
between 30 and 40 mm of mercury 1s achieved 1n arterialized
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blood and scems adequate Arteral pIT 1s 730 to 740 Arterial
blood temperture m the pump-oxy genator is 33°C and  while
not 1deal appears at present adequate The patients body tem
perature during perfusion is usually between 35° and 37°C

On the basis of the experience presented and because of the
absence of mortality related to perfusion in the last group com
prsing thirty nine cases it is beheved that perfusions conducted
n the manner described are at present adequate

TABLF I
Dmstuiartiox or Cises Y Awarourc Diwavoses

Malformaiion Cases
Ventncular scptal defect 110
Tetralogy of Fallot 54
Common atroventncular canal 18
onary stenoas 1R

Atral septal defect with awocuted conditions 11
Atrl septal defect, uncomplicated
Total anomelous pulmonary venous connection
1tal sortse stenow
ventricle
Single atnum and cleft mitral valve
Origm of both vessel from right ventricle
Ruptored ancurysm of sinu of Valalea
Mitral stenons
geutal combined subyalvular sortic and pulmonary stencws
lancous iroperable lewons*

Total

-

O~mmBEoea

£l
2l
£

Complet malfoemations wluch scem anatomwcally frreparable |y present technic.
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TLOW METLRS

By
Ian K R McMmoraN

I FOREWORD

WOULD LIKE to start by thanking the National Institutes of
Health, and 1ts Surgery Study Section as the organizers of this
congress which I am sure 1s unique for its comprehensive review
of the field of extra-corporeal circulation 1n relation to surgery
Secondly I would hke to thank them for their mvitation to attend
the congress and to present tlus paper

INTRODUCTION

This report concerns the clinical use of flow meters in this field
and as my knowledge of their electronic details 15 neghgible I
shall descnibe the vanous types and comment on them to the ex
tent that T can I hope this will stimulate discussion of the ments
and demerits of the vanous mstruments by those groups using
them

Descniptions of the machines discussed can be found in the
Iiterature descnibed by their ongmnal designers and users

1 think we are all agreed that the flow or output of a heart lung
machine 1s the basic factor 1n its performance The discussion of
the optmum rate of flow for a perfusion has been dealt with
elsewhere 1 this mesting However a knowledge of the flow at
any time is in my opinion vital information whatever the design
of the pump It does not matter whether the pump has been set
to a predetermined flow rate or whether the output is governed
entirely by the venous return, 1t is desirable to know what the
output is at any time In addition, and most important, 1t 15 a
sensitiv e mndex of trouble during the course of the perfusion,

if two flow meters are available so that mput and output can

139
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urements bemg recorded, mn particular the venous and artenal
pressures s changes in one will always be reflected to some de
gree in the other two

DISADVANTAGES OF A FLOW METER

() It is a machine and one should be aware of the limitations
of the particular type chosen

(b) It is an extra prece of apparatus and an extra dinl or screen
to watch I believe a factor in this field 15 to keep the system
as simple as possible and so to reduce the possibility of error

(¢) A flow meter means the introduction of something further
wmto the pump circuit and this 1 ats turn leads to attention to
details such as the avoidance of clottng which may alter the
machine s base ine Coagulation wall probably be dealt wath by
the heparinization of the patient and other measures such as
siliconizing the apparatus

(d) Finally why have a flow meter at all? If the pump is ac-
curate and remains so throughout perfusion, 1t can be argued that
predetermined settings are all that are required but this pomnt
will be discussed later

REQUIREMENTS OF FLOW METERS

This paragraph lists the requirements of a flow meter and I must
emphasize that no machine yet produced 1s perfect by my criteria.

1 The machine should be robust and able to record accurately
for long periods of time

2. It must not interfere with the smooth working of the pump
arcuit or alter the flow through the tubes

8 It should not encournge clotting or at least no more so than
any other part of the circuit

4 Tt follows from item 3 that if possible all its surfaces should
be smooth and with no sudden changes to become a source of
extra haemoly sis due to constriction or other physical factors

5 It should have a steady base line throughout which pref
erably should not need to be cheched dunng the run

6 It should indicate changes of flow mstantaneously The re
cording of mean and pulsatile flow 13 desimble
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Fic 49 Photograph of apparatus A wvisual meter, B rotameter, C mter-
changeable metering chambers accommodating different flow ranges, D con-
hol boy, E recording mirror galvanometer Reproduced from Shipley, R E,
and Wilson, C  An improved recording rotameter Proc Soc Exper Bl &
Med 78 724, 1951

be measured, they piovide a fuither valuable check on the equili-
brium of the blood volume m the pump

Calibiation of the pump to 1ecord flow may be maccmate unless
peifoimed aganst the expected pressuie head

NEED FOR A FLOW METER

(a) It provides a continuous mdication of the flow thioughout
the peifusion and allows mstant 1ecogmtion of alterations m
flow rate

(b) Alterations m flow rate may be due not only to physm]oglc.ll
changes m the patient but also to mechanical faults mm the ma-
chine which, however well designed and tested, 15 still fallible

(c) Tt provldcs a cross check on the other physiological meas-
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urements being recorded, in particular the venous and arterial
pressures as changes n one will always be reflected to some de
gree mn the other two

DISADVANTAGES OF A FLOW METER

(a) It is a machine and one should be aware of the limitations
of the particular type chosen

(b) It1s an extra piece of apparatus and an extra dfal or screen
to watch I believe a factor in this field is to Leep the system
as simple as possible and so to reduce the possibility of error

(¢) A flow meter means the introduction of something further
mto the pump crcuit, and this in 1ts turn leads to attention to
detals such as the avoidance of clotting which may alter the
machine s base line Coagulation will probably be dealt with by
the heparinization of the patient and other measures such as
siliconizing the apparatus

(d) Finally why have 2 flow meter at all? If the pump is ac-
curate and remains so throughout perfusion it can be argued that
predetermimed settings are all that are required, but this pont
will be discussed later

REQUIREMENTS OF FLOW METERS

This paragraph lists the requirements of a flow meter and I must
emphasize that no machine yet produced 1s perfect by my eriteria.

1 The machine should be robust and able to record accurately
for long periods of time

2. It must not interfere with the smooth working of the pump
carcutt or alter the flow through the tubes

3 It should not encourage clotting or at least no more so than
any other part of the circuit

4. Tt follows from item 8 that if possible all its surfaces should
be smooth and with no sudden changes to become a source of
extra haemoly sis due to constriction or other physical factors

5 It should have a steady base line throughout which pref
erably  should not need to be cheched duning the run

6 Tt should indicate changes of flow mstantaneously The re
cording of mean and pulsatile flow 1s desirable



Fic 50 Full-scale sectional view of 0-400 cc/min 1otameter constructed of
Lucite or Plevglass with silver plated brass fittings except where otherwist
noted A contact holder, B one of 3 contacts communicating with the 2
terminals and common connection of detectmg coll and balancng (non-
mnductive) coll, C detecting assembly, D rubber cap through which ar may
be removed durmg hlling, E detecting and balancng cols scaled m way, ¥

rotecting sleeve, G outflow spout, I annealed soft ron silver plated float
wire, 0031 mmch diamcter, 1 brass float disc Float 1s shown mn position it
would occupy m muddlc of flow range Float 15 15 32 inch above float rest
when at top of flow range J dctachible meternmg chamber, K mdlomg
portion, bored with 0050 mch por mch taper, 1, rotamcter support, A flot
rest at sero flow, N float glnd(, O mflow spont Reproduce d from Slnp]l v,

R E,and Wilson, C
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7 It should he stable m the physiological ranges of tempera
ture employed

8 If possible it should be independent of viscosity or density
changes

9 It should be able to work in flows at varying pressures ie
venous and arterial

10 It should be easily cleaned

TYPES OF FLOW METERS

There are eight main types of flow meters m use and I shall
discuss them mdividually Most of these are used n physiological
expeniments on animal preparations only but as heart lung ma

chines are by necessity evtracorporeal the mclusion of a flow meter
1n the circuit is not difficult

Rotameter

This consists basically of a float of varying shape which 1s
pushed up by the force of the flid flowing up a tapered tube
which contains the float (Fig 49 59)

The stmplest types can be seen in most anaesthetic machines
and are calibrated against a scale on the wall of the float chamber

The more accurate and modern mstruments such as that de
signed by Shipley and Wilson 1951 * depend on a float which is

laced vertically in proportion to the rate of flow and its post
tion detected clectromagnetically The rate of flow can be re
corded on a micro ammeter for direct reading or through a record
g galvanometer for producing a permanent record

Rotameters can be produced for any flow and their most de-
sirable charactenstic 15 their simpheity Although I personally
léal\:snot used them in pumps I have found them efficient 1n other

C

The disadvantages of rotameters are first, that generul they
must be mounted verticalls secondly that their calibration curves
vany with altermg viscosity and thurdly that the float may get
dherent particles which alters the calibration

The ball pushed up an nclined plane as used by

Senning and
co-workers is a clinical application of this type
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Fic 52 Flow meter head used by McMidlan lateral view

Direct Action

This is simply the interposition of something such as a bnstle
into the flow path and the degree of bending of the bristle is
proportional to the flow and can be calibrated and recorded

Its advantage is its simplieity but it 15 liable to the same

troubles as the rotameter 1nd is not so good for recording pulsatile
flow

Ventun1 or Orifice Plate with Differential Pressure Manometers

The physics of the ventun system are beyond the scope of
this discussion but the basic principle 1s the constnction of the
flow tube to produce pressure vanations mn 1t which can be
measured and calibrated, and which alter with varving flows

The advantages of these methods are that they can be used
m any position and can have remote indication

This is one of the more promusing types but as vet I am not
aware of ono bemg used In this field.

The main disadvantage is that the bore of the tube must be
narrowed Although this may be insigmificant the Pitot holes may
get blocked by a clot and spoil the reading and agamn viscosity
or density changes affect the calibration

The clectronies are complicated in this machine

Turbiometer

The principle of this machine is that a small turbme or propeller
m the bore of the flow tube is rotated by the current In the
tutbme is o magnet wluch mduces a recordable signal in an
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adjacent coill This signal can be tiaced on any suitable 1ecording
apparatus by means of electionic intermediary systems

The Potter Turbmometer which was adapted and developed
by Sainoff, 1953,* m this countiy 1s a good example and a good
physiological mstiument mn practice, fiom my experience 1t 1s
satisfactory m use It 1s almost independent of viscosity and can
be used 1 any position, and 1t will record pulsatile and mean
flow and has a steady base line over long periods What 1s re-
corded 1s not the EM F generated by the magnet but the number
of 10tations of the turbme magnet per unit time The advantage
of this design of tmbme 1s that all bearmgs are elimmated and a
much steadier calibration 1s obtamed Some pressure drop ac0ss
the turbme occuis which may be a disadvantage at high flows
It has not been used on man (Fig 51A, B)
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Fic 54 Flow meter bead n posihon between magnets showing
twin flow meter positions

Ultrasonic-Doppler Effect

I understand this type 1s bewng developed m severnl places
but do not yet know of 1ts use in this field

Electro-Magnetic Induction

This is the type we oursehes use and our own model is now
puving reliable results after initial teething troubles (Figs 52, 53
51 55)

The principle is that 1f 2 fimd 1n a tube containing electrolytes
passes through a magnetic field, a potential difference wall be
generated at right angles to that fleld. The Ppotential difference
will be proportional to the velocity of flow and hence after

amplification it may operate a recorder or meter calibrated in
flow volume

| !
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Ow machme 15 modified and developed from that described
by Kohn, 1945 * But unlike lus design, by the use of an alternating
magnetic fluy, polanzation of the electiodes 1s 1educed and so the
flow meter 1s moie stable Its advantages are that 1t 1s mdependent
of viscosity and has no 1estiiction of lumen o1 of any mechanism
m the flow path It 1s strongly made and easily cleaned, 1t 1s
not affected by temperatwie

Its mam disadvantage 1s 1ts complex electionics which, if not

Fic 55 View of whole flow meter ready for use

mamtained by expeits, can lead to zero shifts and other calibra-
tion tioubles

Constant Stroke Volume Pumps

This 1s not a flow meter but a substitute and 1s a widely used
method of calibiating flow

In machimes which have a fixed stroke volume, flow rate 1S
detexmmed by the number of pump stiokes per mnute Thus
calibiation of flow setting “m vitro” before the pump 1s connected
to the patient should be sufficient

In addition calibiation of other types of pump fiom plewously
prepaied curves (“mn viti 0”)1s a common method

CONCLUDING REMARKS

Many 1if not all of us are engaged m tryng to develop a satis-
factory machme, and 1t may be that when this end has been
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reached and the control of flow 1s perfect a flow meter may be
come redundant In the future it mav be classed as a physiologieal
mstrument only

Physiological measurements arc vital in the dexelopment stage
but many may be able to bo eliminated as time goes by Sim
plicity is as desirable in this field as it 1s in other branches of
surgery

Again 1 experimental work a really good but perhaps compli
cated electronic flow meter may be desirable and acceptable in
order to define the parameters but m clinical practice the instru
ment should be simple strong and easy to read

It is desirable to meter both mput and output if possible and
eventually flon meters mn the animal to provide information of
perfusion rates of different organs may be of experimental interest

Finally m some of our own work on nght sided perfusion of
the heart where we require a partial perfusion mto the pulmonary
artery accurate measurement of flow is vital, and this field with
its clinical applications to cor pulmonale which we amongst
others are mnvestigating is another example of the heart lung
machme s uses
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Ouw machme 1s modified and developed from that described
by Kolm, 1945 * But unlike lus design, by the use of an alternating
magnetic flux, polanzation of the electiodes 1s 1educed and so the
flow meter 1s moie stable Its advantages are that 1t 1s independent
of viscosity and has no 1estiiction of lumen or of any mechanism
m the flow path It 1s strongly made and casily cleaned, it 1s
not affected by temperatwe

Its mam disadvantage 1s 1ts complex electiomes which, if not

Fic 55 View of whole flow meter ready for use

mamtamed by experts, can lead to zero shifts and other calibra-
tion tioubles

Constant Stroke Volume Pumps

This 1s not a flow meter but a substitute and 1s a widely used
method of calibiating flow

In machmes which have a fixed stroke volume, flow rate 1s
detexmined by the number of pump stiokes per minute Thus
calibration of flow setting “in vitro” before the pump 1s connected
to the patient should be sufficient

In addition calibration of othe: types of pump from p eviously
prepaied curves (“n vitro”) 1s a common method

CONCLUDING REMARKS

Many 1if not all of us are engaged m trymg to develop a satis-
factory machme, and 1t may be that when this end has been
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indicates perhaps that the problem of perfusion rate is not solved
There 15 no doubt that perfusion rate is a function of temperature
I am gomng to present opmions® concerning the perfusion rate
requirements at normal body temperatures The term “optimum”
1s used since overperfusion causes unnccessary damage to the
patient by virtue of its increased damage to blood Since we
have just recenth started perfusion of patients (survival 9 out
of 11) these views are based largely on perfusions of about 600
dogs

Since the apparatus used to study perfusion problems probably
has a beanng on the conclusions reached I would lihe briefly to
describe our perfusion apparatus and its measunng instruments

The prmeiple of the blood gas exchange system used namely
bubbling followed by defoaming on a silicone surface was first
described in 1930'? The pump used namely an electrically
controlled oxygen piston was reported i 1952." The original
machine required considerable expenence and skill to run but
it was entirely capable of providing proper oxygenation carbon
diodide removal and flow rate ** Subsequent modifications made
m 1933° have made 1t easier to run and at the same time made
1t possible to control and momtor the maimn variables over a wide
range We can control pumping rate to =3 per cent pH to =0 04,
temperature to +035°C and oxygen tension from 90 to 580 mm
Carbon dioude can if desired be retained or flushed out

Figure 58 is a photograph of the smallest of three sizes of ap-
paratus of similar design in use i Cincinnati, experimentally and
clinfcally It has a blood volume of 700 cc. and an output of 13
liters per minute It can be assembled in about 30 minutes and
can be autoclaved after assembly Reading from right to left
are seen bubbler defoamer pump and monitor chambers Figure
57 shows a close up of the monitor chamber with provision for
holdmg pll clectrodes an onigen tension electrode'* and a
thermistor temperature probe ** Provision 1s made for continuous
recordmg of pH and oxy gen tension

In order to illustrate the control possible Figure 58 represents

These opimions are based upon the result of e
penuments conducted with
Dn S haplan, E Matthew  apd k Edwards



OPTIMAL FLOW RATE IN PERFUSION*

By
Leranp C. CLARK, Jr., Pu.D.

ALTHOUGH the technic of peifusion of Iiving tissue 1s about
one-hundied yeais old, and has contitbuted greatly to knowledge
m physiology and biochemistiy, much of the science of perfusion
has developed duimng the past decade The major impetus for
this development was the need fo1 a means to support the circu-
lation of patients for appiroximately one hour during open mta-
caidiac smgery The chnical need for peifusions lasting many
houis, or many days, may provide the stimulus for further de-
velopment

The gieater pait of the experimental reseaich, conducted m
many laboratonies, has consisted of peifusion of the dog with
the cuculation completely shunted to the apparatus by cannulae
tied mto the venae cavae through a thoiacotomy The almost
universal criterion of a successful peifusion has been the sui-
vival of the animal, preferably for a peiod of several weeks
Thas criterion has been of gieat value since surgeons, cardiologsts,
physiologists, machme designers and machme opeiators have
learned enough to bimng us to the piesent rewaiding stage of
advance Solution of the many problems mvolving hepaimza-
tion, cannulations, cleanliness, sterility, venous pressures, blood
volumes, surface treatments such as silicoming, blood filtiation,
temperatuie control, hemolysis, machmme design, and so on, often
tend, however, to obscme the mam purpose of the perfusion
namely, to meet the oxygen requirement of the ammal and to
quantltatlvely dispose of the 1esultant carbon dioxide The obsel-
vation that many perfusion groups still have a hypothermic anne,

° This worh was Supported m part b}' grants from the Amencan Icart Assoda-
tion and the USPH
150
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mdicates perhaps that the problem of perfusion rate s not solved
There is no doubt that perfusion rate 15 a function of temperature
I am gomg to present opinions® concerning the perfusion rate
requirements at normal body temperatures The term “optimum”
is used since overperfusion causes unnecessary damage to the
patient by virtue of its mcreased damage to blood Since we
have just recently started perfusion of patents (survival 9 out
of 11) these views are based largely on perfusions of about 600
dogs

gmce the apparatus used to study perfusion problems probably
has a bearing on the conclusions reached I would like brefly to
descnibe our perfusion apparatus and its measuring instruments

The principle of the blood gas evchange system used namely
bubbling followed by defoaming on a sihcone surface was first
described m 1950 * The pump used namely an electrically
controlled oxvgen piston was reported in 1852°* The ongmal
machine required considerable experience and skill to run but
it was entirely capable of providing proper oxvgenation, carbon
dioxide removal, and flow rate “* Subsequent modifications made
mn 1933® have made 1t easier to run and at the same time made
1t possible to control and momtor the mam variables over a wide
range We can control pumping rate to =3 per cent pH to =0 04
temperature to =05 C and oxygen tension from 80 to 580 mm
Carbon dioxide can if desired be retained or flushed out

Figure 56 15 a photograph of the smallest of three sizes of ap-
paratus of similar design 1n use in Cmeinnaty, experimentally and
climeally Tt has a blood volume of 700 cc and an output of 13
liters per minute It can be assembled in about 30 minutes and
can be autoclaved after assembly Reading from nght to left
are seen bubbler defoamer pump and momtor chambers Figure
57 shows a close up of the momtor chamber with provision for
holding pH electrodes an orygen tension electrode™™ and o
thermistor temperature probe * Provision 1s made for continuous
recording of pH and o gen tension

In order to illustrate the control possible Figure 58 represents

Thewe opimon  are based upen the rewults of evperiments conducted with
Dr. S haplan, E \atthews and h Edwards ®
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Fi 56 Apparatus designed for perfusion of mfants The cylnder on the
right contains a medium and coarse porosity bubbler with sepaate ovygen
nlets, the large defoaming chamber, packed with polymethyl-siloxane-coate
Teflon shreds, 1s held under 90 mm Hg suction, the pumping chamber to
the left has a stroke volume adjustable from 10 to 40 cc, the umt on the far
left holds the pH, pO. and temperature probes The unit 1s made of glass,
stamless steel, and Teflon, can be autoclaved after assembly, has a blood
volume of 700 cc and an output of 1 2 liters per mimute
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Fic 57 The monitor
chamber This unit can
hold four conventional-size
(1 2% X 4”) electrodes and
a thermometer probe Usu
ally {t is equipped with
two pH clectrodes and a
PO electrode while elec
trodes under development
are held in the fourth
space A small volume of
oxvgen is trupped above
the blood to “buffer” the
stroke of the pump and
provide gas to equilibrate
the pressure of electralvte
m the pH reference elec-
trode

the mean blood pil and the extreme range of pH on ten consecu
the patients Nety per cent of the values fall within a pH of
740 + 005 Although the CO tension of the initial incoming
blood from the patient can be rapidly altered if 1t 1s too high or
too low we preter to slowly adjust it by adjusting the pH towards
740 Thu accounts for the shape of the curve The artenal oxy

gen tension n the cises represented n Figure 58 was held be
tween 560 and 580 mm
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F1c 58 Contiol of blood pH m ten consecutive patients The graph shows
the mean and extieme range The pH 1s momtored continuously at 37°C

Oxygen tiansfer, bemg laigely dependent on suiface aiea, 1S
a function of the number of small bubbles CO. tension, bemg
largely dependent on the volume of the gas used m bubblmng, o1
m other woids, on the CO. tension m the bubble itself, 1s a func-
tion of the number of laige bubbles

Theie are many ways to 1egulate the 1elative number of small
and laige bubbles The thiee which have been used m ow laboia-
tooy are

1 As onygen flow thiough a porous mateiral m contact with
blood 1s mcreased, the amount of gas emerging as laige bubbles
mcieases with a shght deciease m the amount of small bubbles

2 As the mterfacial tension between the blood and the porous
matenal 15 lowered, the size of the emeigimg bubbles, at a given
gas flow 15, gieatly decieased Tlus 15 1eadily accomp]nshed by
minute amounts of non-toxic, non-hemolytic smface-active agents,
such as Thiton

3 Coaise and fine porosity bubblers can be used with sepaate
ovygen feed lines Because less experience 15 necessary, and be-
cause 1L 15 more casily 1eproducible, this thud method has been



Optimal Flow Rate in Perfusion 155

Fic 59 The bubbler
unit The outer cylinder
is glass (for sutoclaving)
or Lucite (for animal
work) The top of the
center v linder is a one-
inch long section of
Cornings “coarse” sin-
tered glass the lower
part is a four Inch sec-
tion of Cornings “me
dium” or “fine” porosity
sintered glass Scparate
ovygen flow is provided
to each porosity bub-
bler  Venous inlets
(vena cava and “coron-
ary venous”) are pro-
vided at the bottom

used m our laboratory since 1953 A shetch of the bubbler unit
used 15 shown in Figure 59

Aside from this 1t must be mentioned that small bubbles cause
more hemolysis than large bubbles * and that large bubbles de-
nature protems as revealed by bubbling urease and catalase
solutions ** Disturbance to protemn solutions may result wheneyer
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such solutions have a gas-iquid mteiface (for example see activa-
tion of lipolysis in milk, by agitation o1 foammg®® or denaturation
of albummn 1n the absence of air as compaied to the presence of
an m siicone-hned bottles’”) The development of membrane
oxygenatois will eliminate this pioblem

The Gollan oxygenato1*® repiesents the fine bubble end of the
scale and the DeWall oxygenator’ the other end of the scale

In oxder to obtam oxygen i1equuements to serve as a means
of computing peifusion 1ate, basal metabolic rate determmations
on childien were collected*-** and used to plot a curve 1elated
to weight This cuive 1s shown m Figuie 60

The equation® for peifusion 1ate contamnng the essential varia-
bles 1s

746 WR

P=————
H (A-V)

+C

where

P = Perfusion rate (liters per minute)

7 46 = A constant due to the umts chosen
W = Body weight (kg)

R = Oxygen requirement (cc /kg /mm )

H = Hemoglobmn (gm per cent)

A = Artenal saturation (per cent)

V = Venous saturation (per cent)

C = Coronary and bronchial venous blood

Fo1 the purpose of prepaimg a guide to perfusion rates, we
have chosen a venous saturation of 50 per cent as 1epresenting a
compionmuse after consideration of the followmg the normal

® This 15 an expression of the Fick prinaple where hemoglobm and per cent
venous saturation are substituted for the usual denomnator thus

Perfusion rate = ovygcn nceded divided by the oxygen supplied m a given
volume of blood

Oxygen nceded per minute = requirement (from BMR) Requirement here 15
denved from Figure 60 as cc /Lg /min multiphed by the weight 1n kg

Orygen supphed per mmutc = Hemoglobin content, as gm per 100 cc multi-
plied by the ovy gen content of a gm of hemoglobmn (1 34 cc) multiplhied by the
A-V diffcrence

Therefore
P = WR dnided by 134 H (A-V) or, moving the constant to the numcrator,

P =746 WR dnaded by H (A-V)
C, the so-called ‘coronary venous  blood may rcach very high valucs in smus
rhyvthm or fibnllting hearts In these cases, we usually ncrcase the flow by

one-half of C
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Fic 80 Basal metabolic rate vs body weight. The shaded portion represents
approximately the range which would include 80 per cent of the normal
population

basal venous saturation the fact that the anesthesia probably
lowers the oxygen requirement that oxvgen needs of individuals
vary one from another and that during the course of a surgical
procedure oxygen requirements may vary from minute to minute
Because the hemoglobin content of perfusion blood vanes and
because it s such an important variable 1t 1s taken into account
in deciding a given perfusion rate We consider the extra orygen
carried at a pO; of 580 mm as roughly equwvalent to one gram
of hemoglobin. Since oxvgenation of tissues from the \enous
side is a demonstrable phenomenon,™ ® 1t is vital to not only
mamtain normal venous pressures but also adequate venous pO.
and pCO;

Figure 61 shows the family of curves relating perfusion rate and
hemoglobin to body size *

Charte relating perfusion vate th ather urface area or bods welght are availa
ble by writing to Leland €. Clark Jr Fels Rescarch Institute Antioch College
Yellow Springs, Ohio It should be noted that the mrface arca—perfusion rate s
also curvilinear and that until perfusion Tate standards can be recommended by an

appropriate committee the relationship based om weight may ha, moTo
rellable and conventent. ¢ perhap, be
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such solutions have a gas-hquid mterface (for example see activa-
tion of lipolysis m milk, by agitation or foaming' or denaturation
of albumm m the absence of an as compared to the presence of
an m silicone-lmed bottles”™) The development of membrane
oxygenators will elmmate this problem
The Gollan oxvgenator™ 1epiesents the fine bubble end of the
scale and the De\Wall oxygenator™ the other end of the scale
In oader to obtam ovygen i1equuements to serve as a means
of computing peifusion 1ate, basal metabolic rate determmations
on childien weie collected®** and used to plot a curve related
to weight This curve 1s shown in Figure 60
The equation® fo1 perfusion 1ate contamng the essential varia-
bles 1s
746 WR
P=——4C
I (A-V)
where

P = Perfusion rate (Iiters per nunute)

746 = A constant duc to the umts chosen
\V = Body weight (hg)

R = Ovygen requirement (cc /kg /mn )

H = Hemoglobm (gm per cent)

A = Artenal saturation (per cent)

V = Venous saturation (per cent)

C = Coronary and bronchial venous blood

ve
Fo1 the purpose of piepaing a guide to perfusion rates, ¥

have chosen a venous satmation of 50 per cent as 1epresenting a
compiomise after consideration of the followmg the normal

® This 15 an expression of the Fick principle where hemoglobm and per cent
venous saturation are substituted for the usual denomimator thus

Perfusion rate = oxygen needed divided by the oxygen supphed mn a gnen
volume of blood

Owygen needed per minute = requrement (from BMR) Requirement here 15
denved from Figure 60 as cc /hg /min multphed by the weight in kg

Oxygen supphied per mmute = Hemoglobin content, as gm per 100 cc mult-
phied by the ovygen content of a gm of hemoglobin (1 34 cc) multiphied by the
A-V difference

Therefore
P = WR divided by 134 H (A-V) or, motvng the constant to the numerator,

P = 7 46 WR divided by H (A-V)
C, the so-called “coronary venous” blood may reach very high values i sinus
rhythm or fibrillating hearts In these cases, we usually increase the flon by

one-half of C
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Fic 62 Calculated relationshup betwcen venous ot gen and perfusion rate

of the oxygen dissociation curve The two curves illustrate two
pomts that the venous tension plunges toward zero m passing
through the entical region represented by slowng the perfusion
rate from one liter per mnute to 06 hiter per minute and that a
venous pO, monitoring device must have high precision to accu
rately reflect changes in flow rate It seems to me that the factors
so far help to explam the finding that when two animals

are perfused at the same flow rate expressed merely as cc /hg/
mun one may survive an hour of perfusion, while the other may
not. When attention is paid to the variables mentioned our sur
vival rate i laboratory perfusion of about one hour 1s 95 per

cent.™

Our views of the consequences of underperfusion are perhaps
represented by the expenment selected for Figure 63 Here

the flow rate w1s increased stepwise in three 15-mmute penods
from 25 cc /hg /min to 35 and to 56 The oxygen consumption
Increased each time the perfusion rate was increased. The most
important obsen 1tion during perfusion was the drop in blood
Pl encountered duning the low flow penod ean acidemia which
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Fic 61 Calculation of perfusion rates vs body weight

The perfusion 1ate 1equuement 11ses 1apidly between 5 and
20 kg of weight and then slopes off to a 1ate which becomes
progiessively less up to 80 kg of weight The mmportance of
knowng the hemoglobim content 1s 1eadily appreciated fiom this
graph Note that a 10 kg child 1equires 1100 cc per mmute 01
one-thud the 1equuement of a 70 kg adult Lookng at the 1e-
quuements of mfants and young children moie closely we can
see that the peak 1equuement 1s m a 9 kg child (105 cc /kg /mm )
and that 1t becomes less (100 cc /kg /mm ) for a 5 kg cluld and
less (97 cc /kg /mun ) for a 15 kg cluld It seems 1emaikable that
a 9 kg baby can meet his basal oxygen 1equnements and even
more remarkable that a few babies at this age have the 1eserve
cardiac output to walk They aie, at 1est, exchanging then blood
volume more than 15 times per munute Perhaps special care
should be taken to msuie a lugh post-operative hemoglobm m
patients between 5 and 20 kg m weight

If one assumes, for the moment, that the body 1s a umform
capillary network, having a steady ovygen consumption, Figuie 62
shows how venous oxygen varies with perfusion 1ate The shape
of the lower curve for venous pO. 1s, of comse, due to the shape



Optimal Flow Rate in Perfusion 161
SUMMARY

It 15 suggested that optunum perfusion rate be based upon
basal oxygen requirement 50 per cent venous saturation and
the hemoglobm content of the perfused blood Further research
is necessary in order to accurately adjust perfusion rate to the
needs of the individual patient dunng the course of long per
fusions
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F1c 63 Drop m blood pH assoctated with low perfusion rate, uncorrectable
bv increasing the peifusion rate

could not be coirected by increasmng perfusion 1ate or by mereas-
mg ventilation 1ate (amount of laige bubbles) Subsequent analy-
sis 1evealed normal pCO: values thioughout This metabolic
acidosis was followed by a post-operative cowmse characterized
by excessive oozing fiom wounds and a slow 1ecovery of reflexes
After replacing blood losses of 800 cc with fresh whole blood, the
ammal contmued to bleed thioughout the night and finally died
On autopsy the following moining 1100 cc of blood was found
m the pleural cavity

There must be another equation wheie time 1s multiphed
by oxygen debt per minute to yield capillary damage Perhaps
this can be determined empirically by measurements of venous
oxygen durimng perfusions Abrupt increases mn capillary permea-
bilhty have been iepoited m hypoxic perfusions of 1solated
organs *

Lastly, our data 1eveal that oxygen utihzation may vary by a
factor of 18 duing a one-hour perfusion mm a Nembutal-anes-
thetized dog This has strengthened our opmon that i long
perfusions one must be generous with perfusion 1ate or must have
sensitive mdicators to monitor venous oxygen content and arterial

blood pH
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SUMMARY

It is suggested thit optunum perfusion rate be based upon
basal oxvgen requirement 50 per cent venous saturation and
the hemoglobm content of the perfused blood Further rescarch
1s necessary m order to accurately adjust perfusion rate to the
needs of the individual patient during the course of long per
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STUDIES ON VARYING RATES OF PERFUSION
FOR INTRACARDIAC OPERATIONS USING
THE HELIX-RESERVOIR OXYGENATOR

By

Ricuarp L. Varco, M.D., CurisTiaAN BArNARD, M.D.,
Ricuarp A. DEwALL, M.D., and
C. Warron LLeEner, M.D.

RRFUSION 1ates somewhat below the 1esting caidiac output
have been used m vntually all cardio-pulmonary by-pass pro-
ceduies caned out at the Umversity of Mmnesota Hospitals to
date In the begmning, this concept was a necessity masmuch
as we weie obligated to develop successful perfusion techniques
mvolving low flows befoie higher flows could be successfully
managed Experience, knowledge, and 1efinements m perfusion
equipment and techmque have now reached the pomt where
theie are no limitations upon pump o1 oxygenator capacities and
the problem has become one of determinmng what 1s optimal
1ather than what 1s possible Tlus problem has been mvestigated
by analysis of results of several hundred expermmental and chni-
cal perfusions 1espectively Our mterest was attiacted to the
concept of pumpmg sub-basilar flows, dunng the necessaty
mterval of caidiopulmonary by-pass, by the work of Andreason
and Watson* They obseived that a dog heart would tolerate
thirty mmutes of venous mflow stasis save for that amount
permitted to entex the rnight auricle via the unobstructed azygous
vem In other words, with both the supenor and nferior vena
cavae clamped 1n such a fashion as to perrmt only the azygos
tributary to 1emam open, this hmited volume entering was yet
sufficient to nownsh the heart and mamtam viability m the other
essential structures for an mterval as long as thuty mmutes This
wdea was studied m considerable detail and confirmed by the
extensine experimental observations of Cohen - He repeatedly
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demonstrated the validity of this principle m his studies on dogs
Subsequent expenments also cried out in the surgical research
laboratories of the University of Minnesota ascertamed that this
reduced volume of blood could be provided safely by a donor
ammal without prejudicing the latter ammals cardiovascular
equiibrium Furthermore with this time mtenal of thirty mn
utes available for mtracardine surgery it appeared extremely hikely
from our study of and simulated operations on autopsy specimens
that a wide vanety of mtracardiac lesions could be curatively
treated. Accordingly on March 26 1954 and using controlled
cross circulation the principle of perfusion with a flow below
that of the resting cardiac output was first tested chincally This
imtial case was successfully treated Reaffirmations of the validity
of this concept were secured n the subsequent forty five cases
operated upon using this means Once the heli reservoir® bubble-
type oxy genator was sufficient]y well developed in the laboratory
and having been tested there shown to be a switable substitute
for controlled cross circulation it appeared reasonable to accumu
late more chinical expenience with perfusions at various levels
and then analyze the accomplishment and performance under
these varying conditions The results of certamn of these studies
will be detailed in this paper

Beyond the mitial ady antage of increased safety to the donor
In those instances where controlled cross circulation was used
there are yet other advantages accruing through the use of per
fusion rates subbasal to the resting cardiac output First, with all
existing pumping devices now in use 1t is certam that additional
trauma from ympact greater likelthood of turbulence and other
nternal forces applied to the stream 15 present the greater the
volume moyed per umt time Secondly the problems of cannula
tion are enhanced when large flows must be pumped Thirdly
with increased perfusion rates the problem of managing the more
voluminous coronary sinus bronchial arterv return grows more
troublesome  Particularly in the mstance of tetralogy of Fallot
patients these quantities gushing nto the heart can add con
siderably to tho technical problems of the repair and are often
fssociated with an mcreased blood loss dunng the operation
unless this abundant return 15 successfulls restored to the pump
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mg cncuit Anestmg the heait under these cncumstances 1s not
a cwme-all It canies mhinsic disadvantages which need to be ap-
preciated and evaluated agamst the gams m exposure and a drier
field, whenever this techmque 1s electively added to the operative
proceduie Wheieas httle has been wiitten about the appearance
of diffuse and focal aieas of myocaidial neciosis, we have noted
this occunrence m patients under gomg caidiac arrest Even
though these mdividuals establish a 1egular 1hythm post pei-
fusion, ultimately they have succumbed We have reason to
believe that smilai experiences have been encountered by others
using the techmque of potassium citrate mduced arrest Moreover,
the mecidence of peimanent heait block 1s unquestionably m-
cieased m those patients undergomg caidiac airest Upon mme
occasions we have noted at the moment of placement of a specific
suture the development of a complete atrio-ventiiculai dissocia-
tion m the thythm Followmg removal of this offendmg stitch,
ultimately always (and often abruptly) a normal simnus action has
been restored Cleaily, this sequence of detection and correction
aie mmpossible if the heait has been arrested Fally, i our own
expeilence with several hundied cases of intracaidiac surgery the
mmcidence of heait block 1s twice as gieat among those persons
1eceiving elective caichac aniest as it has been m the series m
which this was not carried out Although the current management
of complete heait block with the use of Isuprel and a pacemakel
wire*® 1s superlor to other forms of management, we still believe
that complete heait block 1s a serious complication and a g1ave de-
fect for any mndividual to cany thiough hfe Also 1t 1s pertment to
indicate that m the patient undergomg cardiac ariest who 1s found
to have hitheitofore umecogmzed aoitic msufficiency, o1 m whom
this complication 1s created duing the operation, the 1e-establish-
ment of an effective beat can be extiemely difficult o1 1mpossﬂ)le
by ordmary means Without recowse to retiograde coronary sinus

erfusion, 1t 1s quite unlikely that an effective cardiac beat will exer
be established The left ventiicula: fibers are inevocably stretched
beyond then useful length when the aoitic clamp 1s 1emoved and
blood under perfusion piessure pous mto the mert left chamber
Before the atrate 1s washed from the mvocardium fatal damage
can be done to the contractile elements
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A variety of methods are avulable for demonstrating the effec
tiveness and consequences of perfusing patients with flows sub-
basal to the resting cardiic output 1 or mstance the biochemical
aspects of this problam and the accomplishments of the ovy gena
tor under these circumstances have been detailed clsewhere '
Data derived both from ammal experniments and from clinical
matenal are shown m Tables I and II In Table I at perfusion
rates of from 16 cc /hilo /mm to 50 cc klo min the arterial

TABLF 1
AuTtrzeran O\ygENATOR

Gar Lrehange Ffficenry at ¥ ariows Flow Rates
Values at ) Munwtes of Tolal By-Pass

rg:jm Orygen Naturation %, - Toted (0 mm /I T

3 -~

e /by L)ﬂ‘;, trteread 1 emou Ilh} Arterial T enous 14;,}

Pre perfusion
Control* i) o8 63 & 182 28 38
18-20 4 L] 13 Hi 193 0 3 70
2125 ° 07 1 73 40 10 2 52
28-30 13 brd 71 14 4 105 31
31-33 12 101 31 67 170 20 1 31
3640 11 10 37 65 17 2 Ee X 53
4148 7 100 10 51 15 4 20 8 51
40-50 7 o8 L. 1) 18 0 211 81

* Sumples drawn after chest opened and on miechanrcal respirator
T Normal Vales = Arterial 21-22 1 enom 23-21 mm /]
TABLE II
Totar CABDIOFULMOYARY BY Pass
Utdixtng the Artficial Pump-Orppenator
7/l 38 Years i
with Pulmonary Hypertension

Perfunon Rats 8 ce /;Z
Temperature (R) 1002 F

Pump Paiient
Patient ect Pum 153

Sowrer of Blood Sample  ((onrod) B3R exdipbayy ¢ ofier)
Artery Ten Vemows  Arieridd | emows Artery

Pl 788 749 740 8T 140 7 38
‘)\(r‘l;Ln %ﬂlml — 101 [ 21 ;‘7 1ns 180

(98%)

E::_‘Cnntenl (mm./1) 21 3 230 180 g2~ 20 2
be \od (mg G7) B ®”1 231 287 20 7 0

13 minutes,
110 minutes, plasma lemoplot in=21 mg %.
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mg cncuit Avesting the heart under these encumstances 1s not
a curc-all Tt carnies mtimsice disadvantages which need to be ap-
precrated and evaluated agamst the gams m exposure and a dner
field, whenever this techmque 1s electiy cly added to the operative
procedure Whereas httle has been written about the appearance
of diffuse and focal arcas of mvocarchal necrosis, we have noted
this occunience m patients un(lcrgomg cardiac arrest Even
though these mmdniduals estabhish a 1egular thythm post per-
fusion, ultimatelv theyv have succumbed We have reason to
believe that similar expeniences have been encountered by others
using the techmque of potassium citrate mduced arrest Moreover,
the mcidence of permanent heart block 1s unquestionably 1n-
creased m those patients undergomg cardiac arrest Upon nine
occasions we have noted at the moment of placement of a specific
suture the development of a complete atrio-ventricular dissocia-
tion m the thvthm Following removal of this offendmng stitch,
ultimately always (and often abruptly) a normal smus action has
been 1estored Cleailv, this sequence of detection and correction
aie mmpossible 1f the heait has been arrested Finally, n our own
experience with several hundred cases of mtracardiac surgerv the
mcidence of heart block 1s twice as gieat among those persons
r1eceiving elective cardiac airest as 1t has been m the series
which this was not carnied out Although the current management
of complete heart block with the use of Isuprel and a pacemaker
wire*® 15 supeiio1 to other forms of management, we still believe
that complete heait block 1s a serious complication and a grave de-
fect for any mdividual to cany through Iife Also 1t 1s pertinent to
mndicate that m the patient undergomg caidiac arrest who 1s found
to have hithertofore uniecognized aortic msufficiency, or m whom
this complication 1s created during the operation, the 1e-establish-
ment of an effective beat can be extremely difficult or impossible
by ordmary means Without 1ecourse to retiograde coronary smus
perfusmn, 1t 1s quite unlikely that an effective caidiac beat will ever
be established The left ventricular fibers are n1evocably stretched
beyond ther useful length when the aortic clamp 1s removed and
blood under peifusion pressure pours mto the ment left chamber

Before the citrate 1s washed from the myocaidium fatal damage
can be done to the contractile elements
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short penod of time s seen 1n Figurc 668 a more normal electro
encephalograplie pattern s restored As this way e sequence once
again converts to a less satisfactory state with an over all lower
ing of activity (Fig G7) 1t is possible to improve this as shown 1n
Figure 68 by wereasing the mput 1e perfusion rate a predeter
mined amount Once agmn there is a restoration of a more normal
electroencephalographic pattern The final appearance of the
early post perfusion tracing 1s shown m Figures 69 and 70 More
over since it is readily possible to prearrange the calibrations for
the pump output for several values 1t 15 therefore feasible to
boost sequentially the volume being perfused judging this need
as it 15 mamifest on the constantly monitoring clectroencephalo-
gram As further corroboration of the effectiveness of so supple-
menting the flow dunng the course of o run it can be shown by
direct pressure measurements made through a previously inserted
polythene tube in the divided mternal mammary artery carmed
out at the time of the transverse thoracotomy that a corresponding
lift appears on the blood pressure tracing simultaneously with
each shift to a higher flow value It 15 a mistake to equate a
secmingly adequate pump output with an acceptable cerebral
blood flow In at least two crcumstances such a judgment can
have dire consequences In the case of a patient with an over
looked patent ductus arteriosus or an mdividual with the tet
ralogy of Fallot defects and large bronchial collaterals can so
effectively bleed off volumes from the ordinarily adequate per
fusion flow that a quite msufficient amount eventually reaches the
cerebrum the electroencephalogram can become flat. Therefore
n the instance of the ductus 1t 1s essential to identify this ent
cal leak and close 1t and in the case of the tetralogy patients the
perfusion rate must be raised enough to produce a satisfactory
clectroencephalogram And in fact this degree of monitoring 15 2
highly desirable part of each cardio-pulmonan, by pass

To secure vct another evaluation of the consequences and ac
complishments of perfusions at flows sub-basal to the resting car
diac output the end artenal pIl and duration of perfusion for
‘amving rates have been charted m Figures 71 72, and 73A B In
cach mstance the duration of the perfusion has been plotted on
the ordinate and the pH along the abscissa Graphs have then
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osvgen saturation s umformly high, Smce the venous orygen
saturation at the lower flows 1 lower, and hence the oxygen
extraction 1atio 15 ighen, presumably the tissues are thus assisted
m meceting then ovvgen needs despite the more limited supply
of oxvgen brought to them Caihbon dioude clearance from the
venous blood, as can be seen by reference to these charts, was
cven cflectively cared for at the very lowest flows The demon-
strated tendeney toward a slnft m the pH to the acid side 1,
therefore, duc to the accumulation of acid metabolites The largest
of these 15 lactic acid, and the value foy this, together with other
televant data, as sccured n 4 typical case, 15 shown m Table II
In the over-all evaluation of ths degiee of lactic acid rise, 1t
should be 1ecalled that the anesthetized patient without under-
gomg a caidho-pulmonary by-pass also develops a mild acidosss,
and on this same basis The causes for lactate 11se under both
cicumstances are probably comparable, namely, the failure of
soft tissue metabolism to complete the bieakdown of caibohydrate
to CO. and H.O, probably because of the 1est amimg mfluence of
a 1elative lack of Ovygen on essential enzymatic processes Then,
too, geneial anesthetic agents depiess oxygen consumption With
the 1estoration of an adequate cnculation in the postoperative
period, modest mmbalances of this type are promptly conectec}i
within the body so that a normal aiterial pH 1s soon achieved
A second way m which to consider the consequences of per-
fusions at sub-basal flows 15 to examine the electioencephalo-
graphic 1esponse under these conditions These tracings have been
obtamed by the usual methods m more than 200 cases A moe
detailed description of the findings has been published else-
where ® Appiopriate segments fiom a typical tracing aie shown
m Figures 64 thiough 70 The usual 1apid activity of alpha and
beta waves, together with whatever mild suppiession has been
induced by the Light plane of anesthetization brought about 1
this case by pentothal, a muscle 1elaxant, and nitrous oxide, 18
shown m Figure 64 Immedately aftex mducmg mflow stasis
(Figure 65) by occluding the caval return to the heait, a chgnge
appears 1 electroencephalogiaphic pattern The slower, eeg
waves which 1esult are less desnable, and suggest that a perio
of adaptation 1s occuiiing 1n the ceiebral blood flow Withm a
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short penod of time as scen i Figure 66 & more normal electro
encephalograpluc pattern 1s restored As this w we sequence once
again converts to 1 less satisfictory state with an over 1l lower
ing of activity (Fig G7) 1t 15 possible to improse this as shown m
Figure 88 by increqsmg the mput i ¢ perfusion rate a predeter
mined amount Onee agun there 1s a restoration of 1 more normal
eIectrocnccphnIogmphlc pattern The final apperince of the
earlh post perfusion tracing is shown m Figures 69 and 70 More
over smce it 1s readily possible to prearrange the cahibrabons for
the pump output for several values it is thercfore feasible to
boost sequentialls the olume bemg perfused, judgng this need
as 1t is manifest on the constantly monttoring clectroencephalo-
gram As further corrobortion of the effectn eness of so supple
menting the flow dunng the course of a run 1t cn be shown by
direct pressure measurements made through a presviously mserted
polythene tube In the divided mnternal mammary artery carried
outat the time of the trins: erse thoracotomy that a corresponding
Lft appears on the blood pressure tracing simultancously with
each shift to a higher flow value It 15 a mustake to equate a
seemingly adequate pump output with an acceptable cerebral
blood flow In at least two circumstances such a judgment can
have dire consequences In the case of a patient with an over
locked patent ductus arterosus or an individual with the tet
ralogy of Fallot defects and large bronchial collaterals can so
eﬂecmel) bleed off volumes from the ordnarily adequate per
fusion flow that a quite msufficient amount ev entually reaches the
cerebrum  the electroencephalogram can become flat Therefore
1 the nstance of the ductus it 1s essential to 1dentify this criti
cal leak and close it and 1n the case of the tetralogy patients the
Perfusion rate must be raised enough to produce a satisfactors
EI'3Cll'0encephalogmm And, 1n fact this degree of monitonng is a
hughly desirable part of each cardio-pulmonary by pass

© secure yet another evaluation of the consequences and ac-
complishments of perfustons at flows sub-basal to the resting car
diac output, the end arterial pH and duration of perfusion, for
‘arving rates have been charted m Figures 71 72, and 73A, B In
cach mstance the duration of the perfusion has been plotted on
the ordinate and the pH along the abscissa Graphs have then
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oxvvgen saturation 15 uniformly high Since the venous oxygen
satiration at the lower flows 15 lower, and hence the oxygen
extraction ratio 15 lugher, presumably the tissues are thus assisted
m meetmg then owvgen needs despite the more Iimited supply
of ovvgen iought to them Caibon diovide cleaiance from the
venous blood, as can be seen by reference to these charts, was
even eflectively cared for at the very lowest flows The demon-
stiated tendency towmd a shift m the pH to the acid side 1,
therefore, due to the accumulation of acid metabolites The largest
of these 15 lactic acid, and the value for this, together with other
1elevant data, as secuied m a typical case, 15 shown m Table 1I
In the ovei-all evaluation of ths degiee of lactic acid rise, 1t
should be 1ecalled that the anesthetized patient without under-
gomg a cardio-pulmonary by-pass also develops a mild acidoss,
and on this same basis The causes for lactate rise under both
circumstances aie probably comparable, namely, the failure of
soft issue metabolism to complete the bieakdown of carbohydrate
to CO. and H.O, probably because of the restrainng influence of
a 1elative lack of oaygen on essential enzymatic processes Then,
too, geneial anesthetic agents depiess oxygen consumption With
the restoration of an adequate circulation in the postoperative
period, modest imbalances of this type are promptly correcteC}j
within the body so that a normal artenial pH 1s soon achieved
A second way m which to consider the consequences of per-
fusions at sub-basal flows 1s to examine the electroencephalo-
graphic response under these conditions These tracings have been
obtamed by the usual methods 1 moie than 200 cases A more
detailed description of the findings has been Pubhshed else-
where ® Appropriate segments from a typical tracing are showlcl1
in Figwes 64 through 70 The usual rapid activity of alpha an
beta waves, together with whatever mild suppression has been
mduced by the hight plane of anesthetization brought about 11
this case by pentothal, a muscle relaxant, and mtrous oxide, 1S
shown m Figure 64 Immediately after mducmng mflow stasis
(Figure 65) by occluding the caval return to the heart, a chgnge
appears 1 electroencephalographic pattern The slower, 6615
waves which result are less desirable, and suggest that a per1o
of adaptation 1s occurnng m the cerebral blood flow Within a
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Fics 68-70 (top to bottam)

Fics 64-70 Electroencephalographic tracings demonstrating usual findings
m 4 cardio-pulmonary bn-pass at a subbasal flon  Note changes in electrical
activity under vanving influences and response toward a more tatisfactory
pattern after flow has been increased (but remains well below resting cardiac

output) (Figure 88 Figure 69) Final tracing, (Figure 70) 1 vartually 2 normal
one
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Fic 71 Scattergram relating endarterial pH to duration of flow with 1dentifi-
cation of all survivals and deaths after a vanety of intracaidiac procedures
(see text) with the use of a DeWall oxygenator

been prepared of the scattergiam type usmg data from peifusions
n the 1espective ranges 26-35 cc /kilo /mm , 86-45 cc /kilo /mm,
46-55 cc /kilo /mm , and 56-65 cc /kilo /min This mfoimation
was derived from patients operated upon usmg the bubble-type
oxygenator and all data available have been plotted The types
of cardiac defects operated upon mclude atnal septal defect,
ventricular septal cefect, tetralogy of Fallot defect, ruptured
sinus of Valsalva, aortic stenosis (congemital and acquued), mutral
stenosis, mitral insufficiency, pulmonary valvular stenosis, mfundi-
bular stenosss, total anomalous venous return, atrio-ventriculans
communis, and combinations of these lesions The solid dots rep-
resent survivors, and the hollow circles connote an mdividual who
ultimately succumbed It 1s important to mdicate that any deatg
occurring during the operation or at any subsequent penod (an
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that includes mdu iduals dying months following the perfusion)
have been histed regardless of the cause In an 1nitial analysis an
attempt was made to separate out those deaths which might be
speetfically 1dentified as of perfusion origin After completing this
phase of the study it was apparent that e er more subtle reasons
could be dernved for either exonerating or including a particular
by pass as bemng lethal m thus or that case Furthermore the ques
tion of judgment i making these selections 1s obviously a hughly
individual one It seemed, on the other hand that if specific trends
could be identificd despite the burden of placing all deaths re-
gardless of ultimate mechanism agatnst the specific flow rate there
could be hittle residual question sbout therr valdity In other
words by thus handicapping the vanous perfusion levels it should
be possible to eliminate much of the personal factor which is so
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Fic 72 Scattergram relating endarterial pH to duration of flow with identif
cation of all survivals and deaths after a variet of intracardiae procedures
(see teat) wath the use of a De all oy genator
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Fic 73A Scattergram relating endartenial pH to duration of flow with 1denti-
fication of all survivals and deaths after a vanety of mtracardiac procedures
(see text) with the use of a DeWall oxygenator

mmtimately identified with any analysis of results i a seres of
cardio-pulmonary by-pass procedures This type of analysis ap-
peared to have the additional advantage of piesenting each case
mmdividually 1ather than of obscuimng its contubution thnough
the use of mean values

Reference to Figwe 71 reveals several mteresting considerations
Furst, theie were but two smvivors i nine patients operated upon
when the duration of peifusion was twenty-five minutes or longer
at this flow of 26-35 cc /kilo /min On the other hand, nmne out
of ten lived when the duration of the run was under twenty-five
minutes and the aitenial pH at the conclusion of the perfusion
was 7 4 or higher Furthermore, 1t can be seen that the bulk of
the aiterial pH values begin around 7 29 to 7 30

When Figure 72 15 studied, 1t 15 apparent that among those mdi-
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Fic 73B Scattergram rolating endarterial pH to duration of flow with
identification of all survivals and deaths after o variety of ntracardiac pro-
cedures (see text) with the use of a DeWall axvgenator

viduals perfused at rates of 3645 cc /kilo min and for penods
of twenty five minutes or over the survivor rate has now been
raised to fourteen out of twenty five In addition there is a
tendency for the bulk of the arterial pH values to shift somew hat
more to the nght The data for perfusion rates at 46-35 ce./kilo /
min are shown in Figure 73A The survivals now among indind
uals perfused for twenty five minutes or longer number tw enty out
of thirty two This 15 a higher survisor percentage although there
has obviously been a tendency toward a greater number of
lengthier perfusions in this series of cases The arterial pH at the
conclusion of the perfusion has once again shifted farther to the
ixgl\t with the preponderant majonty of values ranging above
736 In this regard it is interesting to note also that twenty six
hing from twenty nime indnaduals were operated upon at thus
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flow 1ate and for penods of twenty-five mmutes o1 less when the
pH was 736 o1 lugher In the final chait, quite comcidentally,
there are agam twenty smvivors out of thuty-two patients with
an even gieater tendency towaird the long-texm perfusion It 1s
not paienthetical to add that these protiacted runs mevitably
1epresent the moie complex type of case and, hence, a prion the
usk to the mdividual should be gieater than for the shorter
peifusions Nevertheless, the mortality has 1emamed considerably
lower than when the lowest flow was bemg used Agam, the pH
determmations have moved somewhat moie to the 11ght

In summary, theiefoie, 1t can be stated that the followmng plan
appeais to offer 1easonably good piotection to the mdividual un-
dergomng a cardio-pulmonary by-pass using the DeWall bubble-
type oxygenator with the Sigmamotor pump This equipment 1§
calibiated prior to the 1un to deliver flows at the 1ate of 50 cc,
60 cc, and 75 cc/kilo /mm For mfants and patients with
tetialogy of Fallot defects, these peifusion 1ates aie mcreased to
as high as 100 cc /kilo /min Dwing the cowse of the perfusion,
the 1esponse of the mdividual to that particular rate 1s monl-
tored both with dnect piessuie 1ecordmgs via a polyethylene
tube mseited into the aitenal system and by means of an electro-
encephalogtam When either tracing 1eveals an unsatisfactory
appearance, the cause 15 sought and conlected, 1€, a patent duc-
tus In the absence of such an obvious leak, the volume flow 15
1a15ed until an adequate peifusion 1s achieved As a consequence
of these steps, 1t 1s uniformly possible to achieve an arterial pH
at the conclusion of the 1un which will be 7 36 o1 higher, although
the mdividual may have been on the by-pass fo1 as long as eighty
minutes Fuithermoie, he can be shown to have mamtamed a
satisfactory electioencephalogiam thioughout the duration of this

eitod And, as a somewhat more practical expiession of the
concept that flows subbasal to the 1esting caidiac output are well-
tolerated, even for prolonged peiiods of time, 1s the fact that n
the last forty consecutive cases so treated and including a wide
variety of caidiac lesions there has been one postoperative death
Therefore, until 1t 1s necessary to woirk within the heart on a pro-
cedure requiring well 1 excess of an hour, this would seem to

be an adequate perfusion rate
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It would seem in the present state of our knowledge that there
1s 10 more an “optimal perfusion rate” that can be applied to all
patients undergoing total cardiopulmonany by pass than thero is
an optumal dosc of penicillin applicable to all patients Such
factors as age of patient carcinc reserve tvpe of lesion duration
of operation method of collecting blood for replacement type
of oxygenator and perhaps other as yet unappreciated factors
are mportant in the determmation of an answer to this question
Thus at present we prefer to monitor each patient during the par
ticular perfusion utilizing a continuous recording of the electro-
encephalogram and the systemic blood pressure and adjust there-
after the perfusion rate to keep these vanables normal or near
normal,

These perfusions too are then further analyzed by study of
the metabolic and phy stologic data (pH, plasma bicarbonate O,
controls plasma Hgb platelets etc) obtamned before dunng
and after perfusion One should not omt the most important
consideration of all namely patient survival. Although this latter
depends upon proper surgical techme and postoperative care
es well, continuing successes in open heart surgery can rarely be
achieved unless the perfusion itself is adequate

This plan outlined has proven satlsfactory as judged by a
steadily-decreasing risk for open heart procedures
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THE ACID BASE ASPECTS OF EXTRA
CORPOREAL CIRCULATION

By
J C. Carracian, M D, R S Frasra, M.D, J Dvorkiv, M D,
and A G Strwart, PHD

Clmcm m acid base balance that are nssociated with a period
of extracorporeal circulation have been observed in both the
expenmental ammal and in human surgical cases Gibbon et al *
in developng a film oxygenator demonstrated a fall in pH to as
low as 7.25 during periods of bypass utilizing flow rates averag
ing 88 cc per kilo per mmute Dennis * using a different film
type ovygenator also noted a fall m pH m dogs to pH 7.2 n the
hour following perfusion Those values returned to normal within
forty-eight hours They believed that the control of acid base

anco rested with the adequacy of pulmonary ventilation prior
to perfusion and observed that with adequate ventilation less
NaHCO: was needed durmng perfusion to maintain a normal pIl
range DeWall et al thought that pH values alone were unrehable
for a precise evaluation of acid base balance because of blood
buffer compensation They stressed the wmportance of a fall in
base bicarbonate concentration as an index of fixed acid excess
A fall in bicarbonate values i the acvanotic cases subjected to
total cardio-pulmonary bypass utihzing a bubble-type oty genator
was evident following perfusion In cyanotic patients there was
an cven more marked decrease m total bicarbonate during per
fusion and actually plasma bicarbonate and arterial pH values
were lower than normal prior to operation mdlcnhng an uncom
pensated metabolic acidosis Lactate levels in this senes were
twice normal in the cvanotic group and three times normal
the aevanotic patients following bypass

In a later report thcse same estigators studied the relation
ship of perfusion rate to reduction of hicarbonate Their ﬁndmgs
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mdicated less deficit m bicaibonate following peifusion at rates
of 45-50 cc per kilo per mmute than at the lower flow rates

Kolff et al,” developing a membrane oxygenator, also observed
a metabolic acidosis and routmely gave 45 mEq per kilo of
sodium bicaibonate duining the period of bypass to overcome it
They then 1epeated this dose thiee hous post-operatively

Campbell et al ,* using a canime lung oxygenator, noted arteral
pH values as low as 7 26, and, also, a depression 1n plasma bi-
carbonate

Cioss and Kay,” m a 1eport of thnty-seven human cases, usmg
a multiple disc oxygenator, observed a fall in pH and blood buffer
base They felt that thus metabolic acidosis was due to circulatory
stasis and also pomted out that a metabolic acidosis was present
n the priming volume of blood standing at normal body tempera-
tme m the oxygenator prior to bypass

Allison ef al,® m ther study of hemorithagic shock, pomted
out that the high lactate levels m hypovolemic animals rapldly
fell to normal 1n the survivors, but never decreased m the dogs
that died Plasma bicarbonate fell and remamed low m the dogs
that did not survive

Beatty,’ in a similar study, observed the rapid return of lactate
values to normal 1n dogs surviving severe hemorrhage

Seligman et al* pomted out the relationship between low
blood pressure and lactic acid buwld-up mn dogs subjected t0
hypovolemia They stressed that the accumulation of the metabo-
lites such as lactic and pyruvic acids resulted fiom the combined
effects of poor blood flow and an mcreased rate of production 1m
anoxic tissues However, DeWall* has argued that, if this were
true, one would expect a rise i potasstum, and stressed that the
reverse was true in their cases Also they observed increasing
oxygen consumption up to flow rates of 25 cc per kilo per mmnute
but not above this value

In our series of thirty-five cases of total cardio-pulmonary by-
pass, an attempt has been made, with the above observations m
mind, to study the various components of the acid-base controlhng
mechanmsms This has been done with a view to determimning the
inter-relationship between bypass itself, hypovolemic shock and
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faling crrculation as causative agents in the resulting acidosis
both metabolic and respiratony

METHODS

The thirty five cases were operated upon at the University
Hospital, Edmonton Canada, for lesions consisting of inter
ventrcular septal defects mteratrial septal defects 1solated pul
monan stenosis and tetralogy of Fallot. Six were found at opera
tion to have lesions not amenable to surgical correction and
consisted of tricusptd regurgitation due to atresia complete
transposition of great vessels common ventncle with corrected
transposition of great vessels Eisenmenger s deformity and mtral
regurgitation

The biochemical studies were performed using the methods
employed m the ultramicro laboratory of the University of
Alberta Hospital Samples were obtamed m oiled heparimzed
syringes and stoppered All analy ses were carried out immediately
after withdrawal of the sample The pH determinations were
done using a glass electrode pH meter Plasma sodium and potas
stum were determined using a Baird flame photometer Chlondes
were measured by a micromodification of the method of Schales
and Schales® and carbon dioxide contents were determined
with a Kopp-Natelson microgasometer **

Early in the study venous samples were used but subsequently
arterial samples were obtammed An indwelling artenal catheter
utihzed for pressure recordings from the nght brachial artery
during the surgical procedure was left in place and provided a
satisfactory method of repeated arterial sampling 1 the ecarly
post-operative period

The bubble oxygenator exactly as developed and used at the
Unnversity of Mmnesota Hospital \Minneapolis was used for the
cardio-pulmonany bvpass m this senes Arterial inflow was by
means of the common femoral artery Acetylcholine® was used
for clectine cardiac arrest where indicated.

Blood volume studies were by rdicactiy e chromfum supertised

bv Dr Edward Bell Director of Laboratones Umnersity of
Alberta Hospital
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RESULTS
Changes in Sodium

There was little 1f any change m serum sodium, following total
cardio-pulmonary bypass m any of the cases studied The mean
values pireoperatively of 145 mEq per liter weie changed very
shghtly m the fiist post-operative sample taken m the first few
hows following perfusion. Twenty-four hours following per-
fusion theie was a very shght drop m the mean sodwm values
to 142 mEq per Iiter. This 1s llustiated m Figure 74 which rep-
resents the mean values of twenty-eight cases

Changes in Potassium

The mean preoperative value for the cases studied was 4 7 mEq
per Iitte In the fist post-operative sample at three hours follow-
ing perfusion the mean value was 39 mEq per liter Values had
returned to pre-perfusion values by twenty-fomr hours later This
15 shown m Figure 74 In three cases the potassium fell to 24,
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26 and 2.9 and these patients were grven a potassium contalning
fluid in the post-operitive period In two other nstances potas

sium rose without explanation to abnormally high levels of 6 3 and
67mEq per liter

Changes m Chlonde

The mean values of chlonde dropped shghtly from a mean
value of 108 mEq per hiter preoperatively to 107 mEq per liter
three hours after perfusion and to 102 mEq per hiter twenty
four hours later This s shown in Figure 74

Changes 1n pH

During the period of bypass the ow genator appeared to func
tion as an excellent means of removing CO: and through this
medium the pH remaimed for the most part fairly constant during
bypasses of thirty minutes or less A respiratory alkalosis was
created by the anesthetist prior to bypass Figure 75 shows a
representatine change mn arterial pIH during and after bypass In
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bypasses lastmg longer than thirty mmutes there tended to be a
fall 1in arterial pH of a shght degree

A fall n artenial pH withm three hours after perfusion occurred
m five of twelve cases studied at the time of their return to the
cardiac recovery 100m In three of these five cases the fall m pH
was associated with an elevation m pCO: mdicating a supenm-
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Fic 76 Aad-base changes in aght dogs at different perfusion rates



Acid Base Aspects 185

posed respiratory acidosis All three of these children died m
spite of the addition of sodum lactate or sodium bicarbonate
solutions All three were “not cured” by the operative procedure

In order to study more closely the changes in pH and CO.
content during the peniod of bypass simlar procedures were per
formed in eight dogs by Elliot** in our laboratory He was able
to demonstrate the efficiency of the oxygenator in elminating CO,
and maintaining a constant pH dunng the thirty minute total
body perfusion The same fall m pH and nise in CO, tension that
we observed immediately after perfuslon in human cases also
appeared in this animal series This 15 shown 1 Figure 78 wherc
high flow is 70 cc per hilo body weight per minute and low flow
35 cc. per kilo body weight per minute

Eather sodium lactate (1 Molar Solution) or sodium bicarbonate
(448 mEq per 50 cc) were given to twenty two of thirty cases
The changes in artenal pH resulung from the addition of base
are shown 1 Figure 77
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It was possible to alter the aitenal pH by the addition of base,
and a 1eview of the number of smvivors m the gioup recewving
base compaired to the number that survived without ths treat-
ment 1s shown m Figme 78 The seies 1s too small to offer any
conciete conclusions conceining the theiapeutic value of this
ticatment

CASES GIVEN BASIC IONS
Cases Survivals
Na Lactate 12 7
NaHCo, 8 5
Both 9 2
Neither 8 4
30 18
Ficure 78

Changes 1n Base Bicarbonate

Of the twelve cases studied on 1etuin to the caidiac 1ecovery
100m, one to tlnee hows following peifusion, six had base b1-
caibonate values of less than 20 mEq However, only two of these
six had an aitenal pH value below noimal, mndicating an uncom-
pensated metabolhic acidosis The 1emaming fowm had low pCO:
levels compatible with 1espnatory compensation for the mcrease
m fixed acids which had depleted then base bicarbonate These
changes a1e demonstiated in Figuie 79

Similar changes of base bicarbonate were demonstiated m each
of the eight ammals subjected to total cairdiopulmonary bypass
The deciease m bicathonate duning bypass was followed bv a re-
tuin to ple-pelfuslon values withm sinty minutes fiom the termi-
nation of peifusion The 11ise was moie 1apid m the group pet-
fused at the higher flow than m the fom ammals peifused at the
low flow 1ate (35 cc per hilo body weight per minute)
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CHANGES IN ACID BASE BALANCE
Values on 12 Cascs on Return to Cardiac Recovern Room

Arterial mEq/L mmilg

pH co, NuHCO, pCO,

721 244 225 60 X

7432 200 188 40

747 198 182 27 X

741 173 187 29

751 225 217 29

7.29 327 30.5 68 X

740 245 228 40

742 155 150 27 X

748 140 134 29

7382 275 260 53

748 2214 21 4 32

7.22 188 175 46 X

Ficure 79

COMMENT AND SUPPORTING DATA

In order to compensate for acid metabolites the body maintains
a relatively constant pII by a system of buffers During total
cardio-pulmonary bypass the pH is maintained within relatively
normal limits by the adequacy of the oxygenator in olminating
CO, There appears to be a decrease in this function during pro-
longed perfusions Base bicarbonate appears to fall in g fairly
regular fashion during bypass as shown in Figure 78 One must
;SS;HE that fived acid excess is the cause for this base hicarbonate
elat

However the patient who comes off bypass “cured” appears to
have the ability to handle the fixed acid production with ecase
This is reflected in the fact that sisteen of our seventeen single
lesions who were cured by the procedure survised. The fact that
only two of these sixteen patients developed any significant de
gree of acidosis would seem to reflect the stability of their circula
tion following bvpass

In those patients who developed progressive airculatory col
lapse with decreasmy PH v ilues the use of lactate or bicarbonate
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did not appea1 to mfluence the comse The acidosis appeared to
1epresent metrely a sign of the deterorating cuculatory state

It 1s difficult to say how compaiable the state of total cardio-
pulmonary bypass 1s to eaperimental hypovolemic shock In all
our cases the usual measumiements of blood loss were made m an
attempt to mamtain normal blood volume In fifteen cases meas-
wement of cnculatmg blood volume was made before and after
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bypass by use of rdioacth e chromum technique In six cases the
post perfusion circulating volume had decreased to less than 90%
of the preoperative volume These findings re shown in Figure 80

Durning bypass total flow is less than resting cardiac output and
penipheral resistance 1s increased The condition resembles hemor
rhagic shock with accumulation of acid metabolites with a de
crease of base bicarbonate The fall in potassium 1s the only
feature that 1s difficult to explain

The problem of metabolic acidosis due to anaerobic glycolysis
1n the donor blood during the period elapsing between withdrawal
from the donor and actual nserton mnto the patient has been con

R lriiesiip of p mp eresaster
trnmes ¢ um

dilildl;

FLACK = PATEENTE BLOOD YOLUME
WHTE = COMSTANT PUMP VOLUME — 2000

Ficune 81

sidered as a cause of metabohc acidosis In the smaller children
the priming volume exceeds their own blood volume as demon
strated in Figure 81

Values obtamed from chromium studies give an approximate
ind{cation of the degree of exchange after bypass Figure 82. The
fact that only 12-35% of the patient s ongmal blood remains fol
lowing bypass suggests the 1mportance of assessing the anton
cation content of the donor blood

Measurements of pH were mde on blood drawn in the same
manner as that used for bypass The mitial mean PH of eleven
samples fell from 7 53 to 7 42 at the end of four hours as shown in



190 LEntracorporeal Circulation

N F PATIENTS ORIGINAL BLOOD STILL REMAINING AFTER BY—PASS (Using Chromlum Measwrement)

Figute 83 However small this pH fall may be, the underlymng
accumulation of lactate due to anaeiobic glycolysis 1s of the order

of 16 5 mgms per 100 cc of blood per hour of mcubation at 37 5°
C 16

VENOUS BLOOD INCUBATED 38 — 40°C.

22
/
75 ///é/%/////////
7-4
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It 1s suggested that the lactate from the donor blood m addi
ton to the 1cid metabolites accumulated during low tssue per
fusion may contnibute to the mcrease 1 amon content of the
cireuit Thus 1s now the subject of a separate ins estigation
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HYPOTHERMIA IN RELATION TO
LOW FLOW RATES

By
Harowp hng, M D, CiieN Suenc Su, M D., Gustavo Bourous,
M.D., Roserr Iamony, M D, FErvanoo Denru, M.D., and
Harris B Sinniacker, Jr., M.D

INTRODUCTION

THAT hypothermia of the patient might in many ways facilitate
mechamcal by pass of the heart and lungs with a pump oxy gena
tor has long been recogmzed However most surgeons have
agreed with Bigelow s statement that from the standpomt of clni
cal apphcation 1t would appear at present, to be combining the
misks of two dangerous procedures * Whole or partial perfusion of
the hypothermic patient or expernimental animal with small
amounts of oxygenated blood during the time of venous inflow
occlusion has resulted 1 improved results over those of h
thermia alone**** Sealy and assoclates® and Sakakibara™ have
used the combination of hypothermia and mechamical by pass of
the heart and lungs with a pump oxygenator chimeally with good
results Gollan and assoctates® * have reported experimental studies
with the pump oxy genator and hvpothermia. The present report
1s concerned with the experimental evaluation of the combmation
of these two techniques

METHODS

Mongrel dogs were used. They were anesthetized by the ntra
venous admmistration of thiopental sodium Tracheal intubation

From the Departruent of Surpery  Indizna University School of Medicine
Indianapolis Indiana. Atded by gronts from the \ational Heart Institute Depart
ment of Health Education and Welfare the Indiona Heart Foundation, and the
James Whitcomb Ruley Memonal Association.
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was canied out and the lungs were rhythmically mflated with
oxygen, o1 oxygen and ether as necessary, by means of a mechan-
cal msuflation appaiatus Those amimals which weie cooled were
placed m a tub of ciushed 1ce and water The esophageal tem-
peratuie was allowed to diop to 33 5° or 33° C The dog was then
removed from the cooling solution and was placed on the operat-
g table The temperature contimued to diop and usually stabil-
1zed between 28° and 30° C Thoracotomy was carried out
through the fowth or fifth mteicostal space Aseptic technique
was not used Many amimals developed obvious nfections i the
postoperative perlod and the swmvival data were undoubtedly
modified by this Femoral aiteries weie 1solated and cannulated as
needed for use with the pump oxygenator o1 for use m measuring
artennal blood piessure Operations were performed with careful
attention to hemostasis The peiicaidium was opened with the
cutting cunzent and bleeding vessels were caiefully coagulated
Before mseition of aiterial or cardiac catheters, the dog was
heparimized with a dose of 15 mg /kg Plastic catheters were
mtroduced mto the vena cavae, that in the mferior through the
auricular appendage and that m the supeiror thiough the right
atrial wall At the time of chest closure, a laige tube was placed
mn the thoracic cavity for use m aspirating blood or an Protamine
sulfate was admmstered m miligiams equal to the milhigrams
of heparm given If the dog was hypotheimic, 1t was warmed by
immeirsion 1 hot water Piocame pemcillin, 300,000 units, was
administered to the amimal followmg the operation No further
antibiotics were given

Sigmamotor pumps were used The oxygenator was of the large
bubble type It was modified fiom that of DeWall and assoct-
ates' (Fig 84) The major differences weie that the oxygen was
filtered mto the blood stieam through laiger holes, a stamless
steel sponge coated with Antifoam A was placed m the large de-
bubbling tube, and the blood 1eservoir was usually a vertical
one In a few procedures, the 1eservorr was of Mayon tubmg, onc
mch m diameter, wound mto a helin as mm DeWall's Type 3 03y -
genator * The blood filter was furmished by the Abbott Company
foor pump oxygenator use and was made of stanless steel scr’cvll
It was placcd between the reservorr and the artenal pump The
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oyygenator was fasluoned from varjously cut lengths of Mayon
tublng This was cleaned with a detergent solution after use how
ever 1t was not sterilized by autoclwing or by germicidal solu
tions In a number of the mimals the blood from both vena
cavae drained by gravity into a small resen oir placed nbout 40
cm below the level of the operiting table The gravity flow unit

[~ 1

il_—

Fic 84 Type of pump axygenator used in most of the expenments In four
normothermic operations a hellx was substituted for the vertical reservoir

was used primarily in those expenments m which the cardiac
by pass continued for a period of one hour When the procedure
cxtended for a shorter period of time the catheters in the cavae
were usually attached directly to the venous pump

Blood pressures were monitored by means of a Statham pres
sure transducer recording on a Sanborn Twin Viso Cardiette The
O\ gen saturation of the arteral and of the mixed venous blood

“as measured in some animals The Roughton Scholander method
Was used
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A pait of this study was devoted to evaluating thiee cardio-
plegic diugs Cardiac by-pass was begun at a blood flow 1ate of
30 cc /kg /mm One of the diugs was mjected mto the ascending
aorta after the aoita had been clamped just distal to the pomt of
mjection Fifteen minutes latel, the aoitic clamp was removed As
soon as a satisfactory noimal heartbeat was 1estored, the pump
perfusion was discontmued Potasstum citrate was used m the
concentiation 1ecommended by Melrose ** Two cc of a 25 per
cent solution was mixed with 18 cc of blood A similar concentra-
tion of potassium lactate was used This drug was obtamed mn a
concentiation of 2 mEq per cc Five mEq were mmed with
blood to make 20 cc. Twenty pe1 cent calcium gluconate solution
was fiequently added to the oxygenator 1eservon neai the end of
the fifteen minute period Acetylcholine mn a concentiation of 100
mg pe1 cc was mixed with 19 cc of blood and the 1esulting solu-
tion was mjected mto the aorta In most dogs, a total of 100 mg
of acetylcholine was admmustered In a few laige ammals, 10 mg
per kg was admmistered In all, 04 mg of atiopmne sulfate was
added to the blood 1n the oxygenato1 1eservon one mmute before
the 1elease of the aoitic clamp During the time of caidiac anest,
the blood 1 the 11ght heait was allowed to diamn mto the thoracic
cavity thiough a small 11ght atiiotomy mecision Immediately after
the clamp was 1eleased fiom the aoita and coronary flow was once
agam established, the occluding tapes about the superior and m-
ferio1 vena cava were 1eleased to prevent caidiac dilatation

EXPERIMENTAL OBSERVATION

Survival data aie compiled m Table 1 In a control group of
eleven amimals, the body temperatuie was mamtamed near normal
and the heart was by-passed for one hour In five, perfusion was
cairied out at a1ate of 40 cc per kg per mm Thice died withm
a few hows One Ined about twenty-four hours, and one s vived
for four davs The latter two animals demonstiated gcncrah/c(]
muscle spastiaty - Sn dogs were perfused at the faster rate of
70 cc pe kg per mm Fow died withm a few hours One hved
for twenty-four hours, and one for thice days The latter was
opastic durmg the time of survival Many of the ammals died n a
shock-like state Examunation of the thoracic cavity often failed to
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explain the cause of death Partial consolidation of the lungs was
frequently present None of the spastic animals was able to sit,
walk, or feed ijtself Of the total number of eleven animals
which were by passed at normal body temperature seven died
withn 2 few hours after operation two within one day and only
two survived three or more days Three of those animals which
survived for twenty four hours or more were spastic and one

TABIF 1
SURTIVAL STUDY

Deaths Surtital
Temperature N umber of P‘”’:l’” r _  — Jormore
Dogs e kMM ol wrs 24 kne days
Cardiac By-Pavs for One Honr
Normothermia 5 40 8 1 1*
\ormothermia 6 70 4 1 1
ypothermia [ 15 0 1 4
H 12 30 0 0 12
Hypotbermiz 1 40 4 3 A
Cardiae Ny-Pasx for -39 Minutes
Right | entriculofomy for 20 Minutes
Hypothermia 10 a0 11 0 0

‘T kﬂmn{honﬂ.

never completely awakened A helix reservoir was used in four of
gle.se operations Three died in a few hours and one lived for three

Y8

In eighteen animals the body temperature was lowered to an
average of 29 C Mechancal by pass of the heart and lungs
with the pump oxigenator was then carmed out for one hour In
five a pump flow of 15 c ¢ per kg per min. was mamtained One
died at twenty four hours and four lned for three or more days
Of the four sunvivors only one was entirely normal and vigorous
during the postoperative period Three were weak and did not
walk spontaneoush Twelve dogs were perfused at a rate of 30
cc per kg per min All were long term survivors \ost of these
animals were normal and active shortly after operation Eleven
dogs were by passed at a rite of 40 cc per kg per min Four
died within a few hours after operation Three lived for twenty
four hours and four for a number of days Autopsies of the seven
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A pait of this study was devoted to evaluating three cardio-
plegic diugs Caidiac by-pass was begun at a blood flow rate of
30 cc /kg /mm One of the diugs was mjected mto the ascending
aorta after the aoita had been clamped just distal to the pont of
mjection Fifteen minutes later, the aortic clamp was removed As
soon as a satisfactory normal heartbeat was 1estored, the pump
perfusion was discontmued Potassium citiate was used m the
concentiation 1ecommended by Melrose * Two cc of a 25 per
cent solution was mixed with 18 cc of blood A similai concentra-
tion of potasstum lactate was used This drug was obtamned m a
concentration of 2 mEq per cc Five mEq weie mixed with
blood to make 20 cc Twenty per cent calcrum gluconate solution
was frequently added to the oxygenato1 1eservowr near the end of
the fifteen mmute perrod Acetylcholme in a concentiation of 100
mg per cc was mixed with 19 cc of blood and the 1esultmg solu-
tion was mjected into the aorta In most dogs, a total of 100 mg
of acetylcholine was admmnistered In a few laige ammals, 10 mg
per kg was administered In all, 04 mg of atiopme sulfate was
added to the blood 1n the oxygenator reservon one minute before
the release of the aortic clamp Durmg the time of caidiac anest,
the blood m the 11ght heait was allowed to dram nto the thoiacic
cavity thiough a small 11ght atriotomy mecision Immediately after
the clamp was released from the aoita and coronary flow was once
agam established, the occluding tapes about the superior and m-
ferior vena cava were 1eleased to prevent caidiac dilatation

EXPERIMENTAL OBSERVATION

Suivival data are compiled m Table 1 In a contiol group of
eleven amimals, the body temperature was mamtained near noimal
and the heait was bv-passed for one hour In five, perfusion was
carried out at a rate of 40 cc per kg per mm Thiee died withim
2 few hours One lived about twenty-four hours, and one sur wed
for four davs The latter two ammals demonstiated gcncm]r/C(]
muscle spasticity - Siv dogs were perfused at the faster 1ate of
70 cc per hg per mm Four dhied withm a few homs One Ined
for twenty-four hours, and one for three davs The latter was
spastic durimg the time of survinal Many of the anmmals died 1 a
shock-like state Exammation of the thoracic cavity often failed to
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g this tune In those with a blood flow of 40 cc per kg per min

the average men pressure during the time of cardiie pulmonary
by pass was onh 49 per cent of that before this time The fall in
blood pressure was not so great when the rate of pump flow was
70 cc per kg per min In tlus group it was sity siv per cent of
that before the time of cardio pulmonary by pass Twenty five
hypothermic ammals were similarly studied. A flow rate of 15 cc
per kg per min resulted n a sixty five per cent decrease in pres

sure At 30 cc per hg per min  the average mean pressure during
perfusion was cighty seven per cent of that before and n those
by passed at a flow rate of 40 cc per hg per min the pressure
dunng the time of perfusion was actually greater than that before

T\BI} 8

AvERAGE BLoob O\yoEY SattriTioNs AT DrrFearyr Trorenatures
1x0 PErrTBION RATER

Blood Ozygen Saturafiom 1a
Numberof  Perfunon
Temperature Determina ate Percentage Saluration
tiony re /by foun Artery T etn Dif
Normotherrma [ 10 88 E- 5
Hypothermua 0 15 R 10 [
Hypotbermia 7 30 20 87 33
Tlypothermu 5 40 [ 61 32

cardio-pulmonary by pass bemg onc hundred and twenty four
per cent of normal

Oxygen saturation of artenal and mixed venous blood was de-
termined forty four times during the time of cardio-pulmonary
by pass (Table 3) Arteral blood oxygen saturation was near one
hundred per cent 1n most Instances In some oxygenation of the
blood was not satisfactory and these few determinations lowered
the av crage Unsatisfactory oxy genaton resulted from an inade
quate flow of oxvgen into the apparatus a technical error In
normothermic dogs which were perfused at 40 ce per kg per
min the average artenal owgen saturation was eighty six and
the mixed venous saturition was twenty -eight per cent In hypo-
thermic ammals which were by passed at a rate of flow of 15 cc
per kg per min  the artenal o gen saturation was one hundred
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which died withm twenty-four hours did not satisfactonly explam
the cause of death

Ten hypothermic animals had cardio-pulmonary by-pass carned
out for a penod of approximately thirty mmutes Six were per-
fused for exactly thirty and fow for thirty-three to thirty-nme
mmutes A laige nght ventiiculotomy mcision was made m all
and the heait was kept open for twenty mmutes During the time
the heait was open, blood was aspirated from the heart and
1eturned to the pump oxygenator apparatus In four expermments,
the rate of this flow was measwied, and was found to vary from
64 per cent to 11 per cent of the pump flow Ventricular fibrl-
lation occunied m one animal as the venous catheters were bemng

TABLE @

MvERAGE MEAN BLoop Prrssures AT DiFrFereENT TEMPERATURES
AND PERFUsION RATES

Arerage Mean Blood Pressures

Rate of Per Cent of
7

Temperature A umecr of Pump Flow Before During Pre-By-Pass

of Dogs (ce /lg /min)  By-Pass By-Pass Pressure
(mm /Hg)  (mm [Hg)

Normothermia 4 40 120 59 19
Normothermia 5 70 121 80 66
Hypothermia 6 15 94 62 ﬁf
Hypothermia 12 30 112 97 g’
Hypothermia 7 40 101 125 124

mserted One shock of two hundred volts restored this heart to 2
normal rhythm The experiment was satisfactonly completed and
the anmal survived for a period of fifteen days V entricular
fibrillation did not otherwise occur Following operation, oneé
died m the immediate postoperative period from a bilateral pneu-
mothorax The other nine lived for three days or longer and most
smvived until the time of sacrifice, a period of fifteen days
Arterial blood pressure was momitored 1 most of the ammals
Mean pressures were averaged and the results are shown m Table
9 The average mean pressuies of the hypothermic anmmals was
about 19 mm of meicury below those of the normothermic con-
trols Most of the dogs which were by-passed at normal body
temperatuie underwent a substantial fall m blood pressure dur-
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g this time In those with 1 blood flow of 40 cc per kg per min

the average mem pressure during the time of cardiac pulmonary
by pass was only 49 per cent of that before this time The fall m
blood pressure was not so great when the rate of pump flow was
70 cc per hg per min In this group it was sty si per cent of
that before the time of cardio pulmonary by pass Twenty five
hypothermic ammals were similarly studied. A flow rate of 15 cc
per kg per min resulted in a sixty five per cent decrease i pres

sure At 30 ce. per kg per min  the avcrage mean pressure dunng
perfusion was eighty seven per cent of that before and 1n those
by passed at a flow rate of 40 cc per kg per mm  the pressure
dunng the time of perfusion was actually greater than that before

TABIT 3

\sxm1ar BLoop Ovrary barinariaxs st DirFzrevr TevrersTCRES
AxD PerrTBIOY R ATES

Blood Ozygen Saturation 1n
\wmber of  Perfwuiox
Tempersire Dogmone e Penloy Satwrstion
tions or /by ymin Artery Temn Differemce

Normethermia o 0 se o »
Hypothermin o 13 102 i o
Hyothermia o 30 % 57 B
Hypothermla 5 40 had

1] 83

cardio-pulmonary by pass being one hundred and twenty four
per cent of normal

Oxygen saturation of arterial and mwed venous blood was de-
termined forty four tunes dunng the tume of cardio-pulmonary
by pass (Table 8) Artenal blood oxygen saturation was near one
hundred per cent 1n most instances In some oxy genation of the
blood was not satisfactory and these few determmations lowered
the average Unsatisfactory oxy genation resulted from an inade
quate flow of orvgen mto the epparatus a technical error In
nonmothermic dogs which were perfused at 40 ce per kg per
min  the average arterlal oxvgen saturabion was cighty six and
the mixed venous saturation was twenty -e1ght per cent. In hypo-
thennic animals wluch were by passed at a rate of flow of 15 cc
per kg per mun the arterial ow gen saturation was one hundred
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which died within twenty-four howrs did not satisfactonly evplam
the cause of death

Ten hypothermic animals had cardio-pulmonary by-pass carried
out for a period of approvmately thirty mmutes Six were per-
fused for exactly thuty and four for thirty-three to thirty-nme
mmutes A large nght ventiiculotomy ncision was made 1 all
and the heait was kept open for twenty minutes During the time
the heait was open, blood was aspwrated from the heart and
1eturned to the pump ovygenator appaiatus In fowm experiments,
the rate of this flow was measuied, and was found to vary from
64 per cent to 11 per cent of the pump flow Ventricular fibnl-
Jation occunied m one ammal as the venous catheters were bemg

TABLL ¢

AVERAGE MEAY BLoop PRESSURES AT DirrereNT TEMPERATURES
AND Perrusiov RATEs

Arerage Mean Blood Prescures

Rate of Per Cent of
Temperature Numecr of Pump Flow Before During Pre-By-Pas¢
of Dogs (cc /hg /man)  By-Pass By-Pass Pressure

(mm /Hg)  (mm /Hg)

Normothernma 4 40 120 59 9
Normothermia 5 70 121 S0 66
Hypothermia 6 15 94 62 65
Hypothermia 12 30 112 97 87
Hypothermia 7 10 101 125 124

mserted One shock of two hundred volts restored this heart to a
normal 1hythm The expermment was satisfactorily completed and
the amimal smvived for a perrod of fifteen days Ventricular
fibnllation did not otherwise occur F ollowmg operation, one
died 1n the immediate postoperative period from a bilateral pneu-
mothorax The other nine lived for three days or longer and most
survived until the time of sacrifice, a period of fifteen days
Arterial blood pressme was monitored m most of the anmmals
Mean pressures were averaged and the 1esults are shown m Table
2 The average mean pressuies of the hypothermic animals was
about 19 mm of mercurv below those of the normothermic con-
trols Most of the dogs which were by-passed at normal body
temperature underwent a substantial fall in blood pressure dur-
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occurred on the operatng table Three dogs which did not de
velop ventricular fibnllation had a rapid return of normal heart
beat following release of the nortic clamp This occurred 1n forty

five seconds with one n twenty scconds with another and in
three minutes with the third Thosc which fibnllated required a
much greater length of time to restore normal rhythm and the
average for the group was 95 minutes \ylocaine blockade of
the sino auricular node was carred out m four of these and ven

tricular fibnllation occurred in three Acetylcholine was used to

duce cardiac arrest m eleven ammals Complete arrest occurred
ummediately following injection In most cases a slow return of
cardiac activity began about five minutes afterwards By the end
of the fifteen minute period a rate of two to ten beats per minute
was usually present In two instances 1t was necessary to give
more acetylcholine Ventricular fibmllation oceurred once for a
frequency of nine per cent Complete recovery of the heart was
rapid and a normal beat was restored on an average of 1 2 minutes
following release of the aortic clamp

DISCUSSION

Control observations ndicated that cardio-pulmonary by pass
of one hour in normothermic dogs was followed by o high rate of
morbidity and mortality Undoubtedly more animals would havo
survived of certan methods hed been instituted, such as aseptic
operating room technique sterihzation of the pump-oxygenator
tubing more care n the postoperative perod, ete Substitution of
@ helix for the vertical reservoir in a few cases did not improve
the overall poor results Other studies with normothermc animals
and with similar pump oxygenator equipment have also shown a
high rate of morbidity and mortality with cardio-pulmonary by
pass of only twenty mmnutes ' A striking improvement n
survival was obtamed when cardio-pulmonary by pass was done
m hypothermic dogs This marked improvement 1n results was
cspecially evident when a flow rate of 30 cc per hg permin was
used At this rate hvpothermic dogs wathstood right ventneulo
tomy with a low incidence of ventnicular fibnllation and with an
excellent rate of sunival The cause of the increased mortality
m those perfused 1t 40 cc per kg per mm was not clear The
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and two and the mixed venous oaygen satmation was forty per
cent In those perfused at a 1ate of 30 cc per kg per mm, the
artenal oxygen satwation was niety and that of the mixed venous
blood fifty-seven per cent In those with a flow 1ate of 40 cc per
kg per mm, the aitenlal oaygen satmation averaged nmety-si
and that of the mixed venous blood sixty-four per cent

Caidiac anest was mduced m thnty-fom hypothermic animals
duning the time of cairdio-pulmonaiy by-pass (Table 4) In all, the
1ate of flow of the pump was 30 cc per kg per min The heart
was excluded fiom the general cuculation for fifteen mmutes The

TABLE 4

InpuceEDp CArDpIAC ARREST IN H POTHERMIC ANIMALS
Puatr FLow 30 cc /nG /aMIN
Aorric OccrLusioN 15 MINUTES

Number of D Perfusion Average Uearl  pocontage of
Dogs rug Tivme 1n Recovery Trme " p o lation
Mainutes m Mainules
13 Potassium citrate 7 8 7 23
10 Potassium lactate 35 95 70
11 Acetylcholine 22 12 9

body temperatuie 1anged between 28° and 30° C Potassium
citiate solution was used to stop the heart mn thnteen dogs An
average of 187 cc of the blood potassium citate mixture was
used The average time for the heait to 1ecover a normal 1hythm
and vigorous beat was 87 mmutes Ventricular fibrllation oc-
curred n three amimals following 1elease of the aortic clamp As
this portion of the study progiessed, it was our impiession that the
addition of 5 to 10 cc of twenty per cent calcium gluconate to the
arterial reseivoir about one mimute before the time of 1emoval of
the aortic clamp 1esulted in a quicker 1eturn of normal caidiac
contractions In ten hypothermic animals, a mixture of potassiuni
lactate with blood was used At the end of the fifteen mimute
perlod, twenty per cent calecrum gluconate was often given It was
mjected duectly mto the pioximal aorta in some and m others,
was added to the blood 1eservoir Ventricula: fibiillation occurred
m seven following release of the aortic occlusion In all but on¢,
1t was possible to shock the heart and 1estore noimal rhythm
Cardiac rhythm of one ammal did not convert to normal and death
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elevated blood pressuie that most of these dogs mamtamed dur-
mg cardiac by-pass suggested that the pump flow was excessive

Aiterial blood pressme was well mamtamed m hypothermic
animals duiing the periods of by-pass At a flow 1ate of 80 cc per
kg per mm, it did not vary greatly from pre-perfusion levels

Prelmmary obseivations of mmduced cardiac airest m hypo-
thermic dogs mdicated that a high 1ate of ventricular fibrillation
followed the admmistiation of the two potassium-containng
drugs Recoveiy of strong normal contractions was often slow
The Ingh 1ate of ventiicula: fibuillation associated with potassium
lactate was m contrast to the good 1esults previously obtamed in
this laboratory ** This may be explamed by the shorter period of
cardiac anest i the earher mvestigation Acetylcholine arrest was
followed by a shoit 1ecovery time, but the arrest was rarely com-
plete. None of the three drugs as used i these experiments was
entirely satisfactory Further study 1s needed of their use in the
hypothermic state
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DISCUSSIONS ON PHYSIOLOGY OF PERFUSION

DR JULIO C DAVILA, Philadelpma Dr Swan and gentlemen
First, I would like to thank the Committee on Arrangements for the
privilege of being here

It has been most impressive to note the amount of work that has
been gomg on thiough the country and in the many foreign countries
represented here Particularly impressive have been the chimcal results
which are bemg obtamed m several centers, but also impressive 1s the
variety of work that 1s being done, i the sense not only of its nature
but of the methods being compared, or at least attempted to be com-
pared Thus, I believe, 1s one of the major handicaps, that 1s, the mability
to compare experimental and chnical results We are attempting to
learn more about this field, and are somewhat handicapped because
1t 15 difficult to choose, to compare and to evaluate what data are
available

For the last two and one-half years here we have limited our work on
extracorporeal circulation to the expermental laboratory We have
chosen, arbitrarily, the easiest, the most disposable and 1inexpensive
method to use, the DeWall oxygenator and the Lilleher single pump
Our experience m many ammals has been most nteresting We have
attempted to control our experiments and to study metabolic changes
in much the same way as has been shown by many workers who have
preceded us

The following are some of our observations and some of the tenta-
tive conclusions which we entertain at this tme We have observed
the most common cause of death 1n our dogs to be shock, whatever that
means Atelectasis 1s second, and bramn damage 1s very important even
though 1t 1s mn third place We have found pulmonary edema to be
much less important We have done extensive measurements with these
parameters, and, as many of you have found, there 1s a tendency during
the preperfusion period toward the development of a metabolic
acidosis which remains compensated until the end of the perfusion
Afterwards, 1n our eaperience there 1s a marked decompensated meta-
bolic acidosis We have also observed a very pronounced increase n the
A-V differences, and 1t 1s rather difficult to control crculatory pres-
sures A rather marked fall in body temperature occurs after a pcrl"d

of time following perfusion, usuallv withm an hour, although the meta-
bolic acidosis may be improved However, the other changes are not

improved
P 204
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I had many other conclusions but [ believe that the problems we
should attack first are related to redesign of important equipment
improvement of certmn techmes and probably certain improvement
in operativ e procedures and methods

DR HANS C ENGELL, Copenhagen Denmark Dr Swan, and
gentlemen! I went home last night and tore up mv paper because the
Mnneapolis group spoiled the game

An ideal physiological expeniment requires that all vanable factors,
be Lept constant except the one to be investigated

In the perfusion of intact ammals or humans so many varable factors
are included that it can never be a physiological experiment in the
classical sense Still we have to make a physological approach to the
problems and try to keep a uniform standard of technic for our
procedures I am sure most of us think we are doing so but very few
of us are, in fact. The weak point is tho complexity of teamwork. Only
a well-drilled, highly disciplined team can keep the standards If we
get 2 new anesthetist or surgeon, or technician we have in reality
altered the technic. When we havo failures then we are apt to look
for some new and not thought-of complication Was it due to denatura
ton of protein or to pyrogens or maybe to orygen intoxication? Well I
do not say there are no such problems but it is amazing to ses that
Dr Lillehei's group are able to perfuse forty patients with only one
death. Thev have a fairly good oxygenator a rather poor pump and too
small flow rates Stil] their results are excellent. This proves the all im
portance of teamwork and technical skill, and it makes it a bit difficult
to discuss 1n earnest the refined detalils in physiology of perfusion before
we are all as clever as the Minneapolis group

Another item of importance The basal metabolic requirements
should be covered during perfusion From experiments on dogs it is
known that basal metabolic rate does not change very much during
anesthesia,

When Dr Rirllins group published the resulits of their first 40
human perfusions it was striking that the oxygen consumpton calcu
lated from their results corresponded so closely to the calculated oTygen
consumption duning basal condition

W do ot vet have extensive experience with human perfusion,
but it is m experience both from Dr Gibbons laboratory and from
Copenhagen that the dogs surviving total perfusion are those with high
flow rutes and onigen consumption of at least 5 cc/kg /mm When
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some people experimentally have found lngher survival 1ates with low
flows, 1t may be because of complications with air embohsm at high
flow, as ponted out previously by the Los Angeles gioup

The problem of acidosis goes with the perfusion rate Metabohc
acidosis beyond the shght changes always seen during anesthesia 1s
usually due to madequate mimute volume To find mn wlich stage
hypouia comes m, one has to be careful n timing of the blood sampling
The caval flows are considerably obstructed by the venous catheter
before the extracorporeal circulation 1s estabhished If one of the blood
samples 1s taken before the venous catheters a1e placed m the cavae, the
next durmg perfusion, an acidosis due to madequate circulation prior
to the perfusion may not be revealed as such

At last, why talk about the azygos flow principle® One might as well
talk about the prmciple of starvation It s possible to survive starvation,
but 1t 1s too much to make a principle of it

DR ROBERT S LITWAK, Miami Dr Swan, and gentlemen I
should certamly hke to acknowledge the debt that our young group
owes to this august body for the privilege of attending this meeting
and for that of the floor I should also take this opportumty to acknowl-
edge our specific debt to the Univeisity of Minnesota group for ther
very, very great help 1n getting us staited with their umt

We are using unmodified the Minnesota apparatus We have found
that during a reasonably long perfusion of one hour, the flow 1s m
excess of 70 ml /kg /min We had no reason to explam this We found
very minute bubbles 1n the vertical portion of the heliv just proxmal
to the arterial pump I felt certamn that other mvestigators had not
bumped mto tlus problem, but we could not explamn why these bubbles
appeared This finding could be correlated to the EEG data, that 1s to
say, at least inferentially, and 1t suggested possibly we were having
trouble with the minute bubbles because of some technical error Ve
obviously questioned our own technical capacity m handling the umt
Nevertheless, when the Umversity of Pennsylvama group suggested the
possibility that one perhaps could prevent the mmute air embols by
interposing a reservoir bevond the helin, we went back to onc of the
older DeWall models and artanged a vertical reservon, and m this
series 1t 1s nteresting to sce the improvement that we have been able
to obtain We are now usmg this reservorr In a small series of anmmals
the survival rate obtamed 15 approvmately 75 per cent i dogs
undergomg perfusions for periods between 45 mmutes and one hour
This 75% rate excludes the techmcal farlures which have occurred
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The only thing I should like to point out here s simply the variation
that we have gone back to the simple vertical reservoir Figure 85
We dont change the circuit a great deal but here at the helix we
inject the blood fairly high in the reservoir We do not use a filter in

Ficure 85 (Dr Lrmuax)

the arterial circutt However when the blood flow is from our reservoir
into the venous side we filter it In a cardiotomny the blood is filtered
before it is put back m the o genating unit.

1 will not bore vou with the metabolic data but simply there may
have been changes here in like manner to these described previously
this moming In our dogs whose blood pH s dropped after a run, they
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some people experimentally have found Iugher survival rates with low
flows, 1t may be because of complications with air embolism at high
flow, as pomnted out previously by the Los Angeles group

The problem of acidosis goes with the perfusion rate Metabolc
acidosis beyond the shght changes always seen during anesthesia 1s
usually due to madequate minute volume To find in which stage
hypoxia comes 1, one has to be careful in timing of the blood sampling
The caval flows are considerably obstructed by the venous catheter
before the extracorporeal circulation 1s established If one of the blood
samples 1s taken befoie the venous catheters are placed i the cavae, the
next duing perfusion, an acidosis due to madequate circulation prior
to the perfusion may not be revealed as such

At last, why talk about the azygos flow principle? One might as well
talk about the prmciple of starvation It 1s possible to survive starvation,
but 1t 15 too much to make a principle of 1t

DR ROBERT S LITWAK, Miami Dr Swan, and gentlemen I
should certainly like to acknowledge the debt that our young group
owes to this august body for the privilege of attending this meeting
and for that of the floor I should also take this opportunity to acknowl-
edge our specific debt to the University of Minnesota group for their
very, very great help in getting us started with their unit

We are using unmodified the Minnesota apparatus We have found
that during a reasonably long perfusion of one hour, the flow 1s 10
excess of 70 ml /kg /mm We had no reason to explam this We found
very minute bubbles 1n the vertical portion of the helix just proxmal
to the arterial pump I felt certamn that other mvestigators had not
bumped mto this problem, but we could not explain why these bubbles
appeared This finding could be correlated to the EEG data, that 15 t0
say, at least inferentially, and 1t suggested possibly we were having
trouble with the minute bubbles because of some technical error ¢
obviously questioned our own technical capacity in handhng the unit
Nevertheless, when the University of Pennsylvania group suggcstcd the
possibihity that one perhaps could prevent the minute ar emboli by
interposing a reservorr beyond the heliy, we went back to onc of the
older DeWall models and arranged a vertical reservorr, and m this
series 1t 1s interesting to see the improvement that we have been able
to obtamn We are now using this reservorr In a small series of ammuals
the survival rate obtammed 15 approumately 75 per cent mn dogs
undergomng perfusions for periods between 45 mmutes and one hour
This 757 rate excludes the techmical falures which have occurre d
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The only thing I should like to point out here is simply the variation
that we have gone back to the simple vertical reservoir Figure 85
We dont change the circult a great deal, but hero at the helix we
inject the blood fairly high in the resenoir We do not use a filter in

Ficure 85 (Da Lirwax)

:hc arterial circuit. However when the blood flow is from our reservoir

nto the venous side we Alter it. In a cardiotomy the blood is filtered

b('io-re itis put back in the oxy genating unit

- c“gc:mhl;:c vou with the metabohc data but simply there may

this changes here in like manner to those described previously
moming In our dogs whose blood PH s dropped after a run they



208 Lxtracorporeal Circulation

almost imvariably died These deaths could be ascribed to the pul-
monary parenchymal changes, to what seemingly was a respiratory
death Therefore, 1t 1s not surprising that the admimstration of sodium
bicarbonate 1n an attempt to surmount this acidosis did not alter the
survival rate

Perhaps one philosophical thought might be mentioned m this
physiological discussion, and 1t 1s this I think the scatter diagrams
shown by Dr Varco might also be meanmgful 1n an attempt to achieve
more suitable data m the evaluation of the final flow rates We found
certamnly that our mean aortic pressures have varied considerably, and
I think 1t could be that the EEG changes can be correlated When one
talks 1 terms of flow rates alone, perhaps we should speak 1n terms
of parameters and pO.’s i the particular patient bemng discussed
Thank you

DR DONALD G MULDER, Los Angeles Mr Chairman These
have certamly been interesting and stimulating presentations I would
like to comment briefly on the metabolic aspects of perfusion

As has been stated, what we should accept as an adequate per-
fusion 15 as yet unsettled It would certamnly seem logical that the nearer
one could come to reproducing a normal preperfusion status, the better
the patient should tolerate the extracorporeal by-pass Such control 15
governed primarily by the composition of the arterrahized blood pre-
sented to the patient and the rate at which 1t 1s delivered

Biochemical and physiological observations were made m 43 dogs
before and after cardiopulmonary by-pass utihzing the University of
Minnesota bubble type oxygenator, one group of 29 ammals bemng per
fused at 35 ml /kg /min, and the remamning 14 anmmals at 70 ml /hg/
mm The perfusion times were 20 mmutes for each group There was no
selection of ammals in regard to age or body weight The results of this
study may be summarized as follows

The anticipated hypotension and increased A-V oxygen difference 1n
the low flow ammals were confirmed There was also a marked meta-
bolic acidosis m this group characterized by a drop i pH of 02, and a
concomutant rise 1n lactic aaad The high flow amimals, on the other
hand, had a drop mn pH of only 01, and an msigmficant rise Jactic
acad No sigmificant changes m pCO_, potassium, glucose, or amino
acid mtrogen were detectable in either group

We conclude from these data that a marked hypotension and 4
severe metabolic aaidosis may be antiapated with Jow pcrfnwm rates
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It is our feehng that low flow rates arc undesirable and avoidable We
should perfusc at flows approaching the estimated cardiac output of the
anesthetized patient

DR. WILL C SEALY Durham Our interest in extracorporeal cr
culation has been directed toward studying the advantages of combin
ing this technic with hypothermia for open heart surgery In the labora
tory the results of more than 100 studies on the dog have demonstrated
that these two technics were complementary The predicted dangers of
troublesome cardiac frritability did not occur when temperatures above
27°C were used and the ventriculotomy was done under cardioplegic
control This next slide is the summary of one serics of experiments using
this combined technic plus ciudioplegia with potassium, magnesium
and prostigmine It is worthy of comment that there was no difficulty in
restarting the heart in either the cold or the warm group after elective
cardiac standstill The one death in nine animals within the hypothermic
group and the five of six in the normothermic experiment were not due
to cardioplegia Conduction abnormalties after cardioplegia were of
only momentary duration in either group

In experiments on dogs where extracorporeal perfusion is used, the
role of any one factor in determining survival is very difficult to assess
The remainder of this discussion 15 concerned with our clinical studies
The use of this combination of methods for repair of atral septal defects
and valvular stenosis offers a better opportunity than most other
operations for the evaluation of the safety of these perfusion technics
The need for cardioplegia is excluded in these operations the nght
ventricular muscle is not damaged, the conduction tissue 15 avoided,
and the associated pulmonary vascular changes are less pronounced In
our clinic we have operated on 21 patlents with these two tvpes of
anomalies Flow rates of 12 cc. to 30 cc per kg per minute were em
ploved while hypothermia of 29°C to 32°C was used There were no
complications or deaths In two of the group septum primum defects
were found while in three abnormal pulmonary venous return was
present as an additional anomah s long as 24 minutes were needed
for repair 1 some

In the repair of fourtecn ventnicular defects the mortality has been
distressing Death oceurred in six of our patients Fi\e of the deaths oc
curred in patients who hid svstemic and pulmonan, pressures that
were equal while the last dexth was in a patient with tetmlog\ of
Fillot in whom olstruction of the aorta w s produced by the repair
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almost mvariably died These deaths could be ascribed to the pul-
monary parenchymal changes, to what seemingly was a respratory
death Therefore, 1t 15 not surprising that the admimstration of sodium
bicarbonate m an attempt to surmount this acidosis did not alter the
smvival 1ate

Perhaps one philosophical thought might be mentioned m this
physiological discussion, and 1t 1s this I think the scatter diagrams
shown by Dr Varco might also be meamngful 1n an attempt to achieve
more suitable data i the evaluation of the final flow rates We found
certamly that our mean aortic pressures have varied considerably, and
I think 1t could be that the EEG changes can be correlated When one
talks m terms of flow rates alone, perhaps we should speak mn terms
of parameters and pO.’s m the particular patient being discussed
Thank you

DR DONALD G MULDER, Los Angeles Mr Chairman These
have certamnly been mteresting and stimulating presentations I would
like to comment briefly on the metabolic aspects of perfusion

As has been stated, what we should accept as an adequate per
fusion 15 as yet unsettled It would certainly seem logical that the nearer
one could come to reproducing a normal preperfusion status, the better
the patient should tolerate the extracorporeal by-pass Such control 1
governed primarly by the composition of the arterialized blood pre-
sented to the patient and the rate at which 1t 1s delivered

Biochemical and physiological observations were made 1n 43 dogs
before and after cardiopulmonary by-pass utihzing the University of
Minnesota bubble type oxygenator, one group of 29 animals being per-
fused at 35 ml /kg /min, and the remamning 14 anmals at 70 ml /kg/
min The perfusion times were 20 miutes for each group There was 10
selection of animals 1n regard to age or body weight The results of this
study may be summarized as follows

The anticipated hypotension and mncreased A-V oaygen difference 11
the low flow animals were confirmed There was also a marked meta-
bolic acidosis m this group characterized by a drop mn pH of 02, and a
concomitant nise n lactic acid The ugh flow ammals, on the other
hand, had a drop m pH of only 01, and an msigmficant rise 1 lactic
actd No sigmificant changes 1n pCO., potassium, glucose, or amno-
acid mtrogen were detectable in either group

We conclude from these data that a marked hypotension and a
severe metabolic acidosis may be anticipated with low perfusion rates
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shight fall in the pCO  and  progressu ¢ although not severe metabolic
acidesis The precise responso to the metabohc acidesis could not be
ascertained The pyruvate rose slightly but not sufficiently to account
for the change noted The lactic acid data were not included nor were
the plasma hemoglobin values

One thing not mentioned here previously is the possibility that
the red cells may continue to hemolyze following perfusion In a scries
of animals the plasma hemoglobin continued to increase 1n several
instances to almost 120 mg per 100/cc. of blood after perfusion was
stopped.

There are scveral other things I would like to mention First the
control of temperature of the pump ov genator circut. I think this is of
some importance particulark 1n view of the fact that full on gen satura
tion of the plasma and a high oxygen tension may result in greater
permeability Permeability of the blood may be such that it could result
1n the formation of minute air bubbles Another problem I think worthy
of comment is that of bactenal contamination. During the first experi
ments this was thought to be a matter of considerable importance in
evaluating survival perfusions in the laboratory In this group of ant
mals twelvo of twenty three tests in which contamination occurred, the
animals survived. In only two of tho ten in which the intestinal organisms
were found were they still present twenty four hours later

The final point I would like to comment upon is that of the progres
nve metabolic acidosis I think it is not completely explained Pre-
sumably it can only occasionally be due to the bacterial contamination

DR HAROLD | C SWAN Rochester Minn. I think it fs correct
that the ideal circulation is one that does what it 1s supposed to
do What you are trying to do in body perfusion is to supply appropri
ately oxygenated blood to the tissues of the whole body Under cir
cumstances 1n which whole body perfusion is less than complete, thero
seem to me to be two possible consequences erther certan areas and
orgnns of the body still receive therr total complement of blood, and
thercfore their needs are completely looked after and some other
organs recefve little or no blood and their needs are ver inadequately
cared for or hyponia 1s genernlized in relation to the degree of ade-
quacy of the perfusion We favor the former according to hunster
As deseribed in Dr Rirllins presentation of this mornings session
the onigen consumption 1s Jower that is about 110 to 115 cc per
minute as compared to o normal of 135 to 140 cc  and in less complete
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In this gioup of patients there were two who had A-V block following
surgery In all of these patients the heart was stopped with potassium,
magnestum, and the prostigmine solution The longest period of stand-
still for any patient m this group was 32 mmutes with extracorporeal
perfusion for 55 mimutes at 30 cc per kg per mmnute

The next shde 1s a summary of the arterial pH, arterial oxygen, and
mixed venous lactic acid during perfusion on one patient with tetralogy
of Fallot The patients were peifused at rates of 25 to 45 cc per kg,
dependmng upon weight and were kept at rectal temperatures as low
at 29°C

The neat shde shows the operative data on another patient with
tetralogy of Fallot Awr embolus occurred before the extracorporeal
ciculation was staited Then the heart stopped

From our laboiatory and clinical studies we found that hypothermia
and extracorporeal circulation were compatible A more extensive chnr-
cal tral 1s needed before we are certain both are necessary It 1s our
present opmion that by using both, lower flow rates can be employed
with greater safety, and therefore complicated mechanical, electrical,
and electronic devices can be mmmmized This also allows us to use a
heat sterthzed plastic oxygenator prepared by our own central supply
If there 1s an accident with some component of the system, one has a
few minutes to correct the breakdown The disadvantage of cardiac
irritability at temperatures above 28°C 1s not so important when one has
the support of extracorporeal circulation and an effective cardioplegic
such as potassium, magnesium, and prostigmine

The real disadvantages of this combination are the extra ime needed
for coolmng, the difficulties in controlling the degree of coldness, and
slowness of rewarming We now have, through the work of Dr Ivan
Brown, a heat exchange mechanism that shows promuse of allowmg us
precise control of the temperature during extracorporeal circulation
With this mstrument we hope to carry out most of the cooling with
extracorporeal perfusion and 1n turn to rewaim the patient more rapldly
at the conclusion of the procedure

DR DWIGHT S SPRENG, JR, Brooklyn I should pomt out that
I am not now actively assoaiated wath the group in New York

This shde (figure not available) summarizes the data that have been
collected on a series of dogs, averaging 17 7 kg body weight, during per-
fusion with a flow of 90 cc /kg /min This rate was mamtamed, and
averaged 5 cc ovygen per klo There was a shght nise m the pH, a
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shght fall in the pCO; and a progressive although not severe metabolic
acidosis The precise response to the metabolic acidosis could not bo
ascertained The pyrurate roso shightly but not sufficiently to account
for the change noted The lactic acid data were not included, nor were
the plasma hemoglobin values

One thing not mentioned here previously 1s the possibility that
the red cells may continue to hemolyze following perfuston In a series
of ammals the pluma hemoglobm continued to increase in several
instances to almost 120 mg per 100/cc. of blood after perfusion was
stopped.

There are screral other things I would Like to mention First the
control of temperature of the pump ox genator circwit I think this is of
some 1mportance particulark 1n view of the fact that full oxy gen satura
tion of the plasma and a high oxygen tension may result in greater
permeability Permcability of the blood may be such that 1t could result
in the formation of minute air bubbles Another problem I think worthy
of comment is that of bacterial contammation. Dunng the first experi
ments this was thought to be a matter of considerable importance in
evaluating survival perfusions m the laboratory In this group of ani
mals twelve of twenty three tests in which contamination occurred the
animals survived Inonly two of the ten in which the intestinal organisms
were found were they still present twenty four hours later

The final point T would like to comment upon 1s that of the progres
sive metabolic acidosis 1 think it is not completelv explained Pre-
sumably it can only occasionally be due to the bacterial contamination

DR. HAROLD ] C SWAN Rochester Minn T think it is correct
that the ideal circulation 1s one that does what 1t is supposed to
do What you are trying to do in body perfusion 1s to supply appropr
ately oxygenated blood to the tissues of the whole body Under cir
cumstances in which whole body perfusion 1s less than complete there
seem to me to be two possible consequences, efther certain areas and
organs of the body still receive their total complement of blood and,
therefore their needs are completely looked after and some other
organs receive little or no blood and their needs are ven inadequately
cared for or hypoua is generalized i relation to the degrec of ade
quacy of the perfusion We fivor the former according to Runster
As deseribed in Dr harklins presentation of this momings sesston,
the owgen consumption is Jower that is about 110 to 115 cc per
minute as compared ta a normal of 135 to 140 cc and 1n less completo
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perfusion we may have oxygen consumption reduced to 75 per cent
of that value If that 1s so, some part of the body may not be getting
quite enough ovygen If the first possibility 1s true, there would be 2
marked reduction to certain organs and not to others There are certam
consequences of that which I beheve are important because they may
lead to erroneous conclusions Under the circumstances the venous
blood oxygen saturation may not be significantly reduced even m th’e
presence of almost completely reduced blood flow because there 1sn't
enough oxygen 1 that tissue, and the tissue will go nto oxygen debt
If this deficit 1s mamtamed for a long time, tissue damage wall resu’llt
I am only speculating and I am using the words “may” and “might’

To me a mean normal arterial blood pressure seems to be a Jaudable
objective, because with a blood pressure approaching the normal
range the perfusion of all organs 1s more likely to be obtamed than
with low perfusion The characteristics of the various vascular “beds
differ widely, and the analogy, that sometimes 1t 1s simply the “D-C
circulation,” 1s a very general one In these terms the parameters of
the situation may be drastically altered such as we have here Indeed,~
the pulsatile and non-pulsatile blood flow may be of some significance
too, smce some of these vascular beds may be more directly dependent
on these elements than others

Another pomt 1s the actual volume of flow we are measuring DI
McMillan said that his meter did not measure the back flow I thmk
if you are going to measure effective forward flow, your meter must
recogmze back flow Otherwise you are not likely to get worthwhile
results, and when we think of flow we must recogmze the various fac-
tors, bronchial blood mostly, which must be measured, smce a gOOd
bit may be gomg imto the bronchials The actual flow may not be
the volume perfused mto the total body at all

DR FRANK GOLLAN, Nashville Not bemng a surgeon, 1 have
used the pump oxygenator for physiological studies, and that 1 do not
recommend or extol

Ve have remodeled the average bubble oxygenator 1n such a way
that we now have a porous filter with the venous inflow with the inner
volume cyhnder taken out, and a temperature regulating device, IFig-
ure 86

This 1s the mstrument, which 1s made of a lugh polymer polyes-
ter so that it can be boiled, Figure 87
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Then when we perfuse—Figure 88 shows a chart of the organs we do
perfuse, and we usc also a type of sclectiye hypothermia sometimes wo
have a difference of about 20 degrees in the body

Figure §9 shows that the heart goes slowly into arrest as tempera
tuse 15 reduced The motion of the heart is recorded with an open
venous electrode until ventricular fibrillation occurs

Figure 80 shows the exceedinghy hugh oxygen content n plasma of
such antmals below 14°C The consumption is exactly where you would
expect it to be which is just beyond the pont reported n the literature
While I suppose this hasn t been done before I want to be the first to
sy that st wasn t necessary to do it in the first place These red points

SELECTIVE BODY HYPOTHERMIA DURING BLOOD COOLING
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accomplished with a very small and simple instrument You need can
nulate only the peripheral vens the heparn level can be very low
but the coagulation time much shorter as you rewarm Second, there
is no danger of overloading You can overdue oxygenaton This

OXYGEN CONSUMPTION AND OXYGEN SUPPLY IN
SEVERE HYPOTHERMIA WITH PUMP OXYGENATOR
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11 one of the good things you can really overdo There is very httle
hemolysus, and no ventricular fibdllation Cardiac arrest is produced
with a much smaller amount of potasstum atrate and the occlusion

p;:ﬂod can be prolonged up to 4 30 P\ when the government offices
close
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show the large amount of blood which 1s supplied to these ammals,
the total oxygen 1s far in excess of the total oxygen requirement The
yellow dots show the total amount dissolved 1n the plasma which, with
low temperature, goes up abruptly

From Figure 91 I suspect that the oxygen flow might go right out
the top of the galvanometer

Figure 92 shows the flow when we have a venous pump system Then
we can follow pretty closely the cardiac optimal amount, determined
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in the hypothermias used When we use the flow from the gravity
pump by Bigelow, flow stays way up, and 1s something Itke 20 cc at
30°, and may be something like 15 cc at 20°C Ths 1s self-regulatory
because as the ammal becomes hypothermic, 1t cools large volumes of
whole blood, or blood that 1s stagnating 1n the capillaries 1n a manncer
that 1s stmilar to the way the dog adjusts 1t automatically

In a study ke this T do not know whether the results have any
practicability )

Anvhow 1t was interesting to me May T have the last shde? |

I want just to summarize the advantages 1 feel there are m sucll
Procedurcs of oxyvgenation, Figure 93 First, cooling 15 very rapid Tt s
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Latracorporeal Circulation

ADVANTAGES OF PERFUSION WITH COOLED,
OXYGENATED BLOOD

RAPID AND CLEAN
DIFFERENTIAL COOLING OF INTERNAL ORGANS
SMALL INSTRUMENT PRIMED WITH COLD RINGER’S SOLU-
TION
LOW FLOW FOR NORMAL A-V DIFFERENCE
CANNULATION OF PERIPHERAL VEINS ONLY
LOW HEPARIN DOSAGE DURING COOLING
NORMAL BLOOD CLOTTING ON REWARMING
NO DANGER OF OVERLOADING WITH FRESH, COAGULABLE
BLOOD
9 LOW HEMOLYSIS
10 NO VENTRICULAR FIBRILLATION (30 mg QUINIDINE/kg)

Fic 93 (GoLLAN)

GO hO M~
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(Any maccuracies i this discussion are due to transcript not bemng en-
tirely clear [Ep ] )

DR JAMES W DOW, Boston I hope that Ian McMillan 1s stll m
the 100m because I am sure he will be chaimed to know that, for the
recording of blood flow, a Venturimeter 1s now commercially available,
Figure 94

The shde shows the device mounted 1n the venous retuin hne duing
heart-lung by-pass The Venturitube 1s boied from a lucite cy]mdcr
The mncluded angle of the entrance cone 1s 20°, and that of the diffusion
cone 7° The pressure taps are let mnto the tube just proxmmal to the
entrance cone and at the thioat These taps are adapted to the positive
and negative chambers of a Sanborn differential manometer Tubmg
connections are tapered so that lumen 1s not impaired and are loched
on with bushings The pressure differential created by flow 15 sensed
by the differential manometer and recorded by any suitable system,
this case by a Sanborn polyviso with carrier preamphfier An mtegrat-
mg switch 15 necessarv to prevent excessive vibration of the writing
arm A tube wiath 1/8” throat 1s appropriate for ammals and smaller
children A 1/4” throat 15 needed for larger flows in adults

The system 1s stable, 1chable and ecasy to use The expense 1s n¢ gl
gible for laboratories equipped with recordmg devices, parh(ul.lr]\ if
the equpment mcludes a flmd differential manometer The tube must
not be placed m the arterial Ime durng human perfusions, since pres
sure falls far below atmospheric with the constriction, allowing cntranc
of air through any leaky fitting
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Ficure 94 Showing Venturimeter (Dow)

DR. E CONVERSE PEIRCE, Knotville I enjoyed the very excel
lent papers by Doctors king Sealv and Gollan on the use of hypo-
thermia and the pump oxygenator I have been interested in this sub-
Ject for some time

In hypothermia 1 think it is important to consider the various types
of hypothermia. What one learns from one type is not necessarily
translatable to other types For instance 1n external hypothermia one
gets very low external temperatures and a moderately low core tem
perature In cooling the blood if the temperature is very low the core
temperature may still be relatively high, and we must assume that
these findings are duc to the usc of external cooling technics As a
matter of fact, evternal cooling cin approumate frostbite but to
assume thit it is the same thing 1 thiok is wrong
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Eatracorporeal Circulation

ADVANTAGES OF PERFUSION WITH COOLED,
OXYGENATED BLOOD

RAPID AND CLEAN
DIFFERENTIAL COOLING OF INTERNAL ORGANS
SMALL INSTRUMENT PRIMED WITH COLD RINGER'S SOLU-
TION
LOW FLOW FOR NORMAL A-V DIFFERENCE
CANNULATION OF PERIPHERAL VEINS ONLY
LOW HEPARIN DOSAGE DURING COOLING
NORMAL BLOOD CLOTTING ON REWARMING
NO DANGER OF OVERLOADING WITH FRESH, COAGULABLE
BLOOD
9 LOW HEMOLYSIS
10 NO VENTRICULAR FIBRILLATION (30 mg QUINIDINE/kg)

Fic 93 (GoLraw)

O b~

Co 1 O UL i

(Any waccuracies i this discussion are due to transcript not being en-
tirely clear [Ep ] )

DR JAMES W DOW, Boston I hope that Ian McMillan 1s still m
the room because I am sure he will be charmed to know that, for the
recording of blood flow, a Venturimeter 1s now commercially available,
Figure 94

The shide shows the device mounted 1n the venous return line durnng
heart-lung by-pass The Venturitube 1s bored from a lucite cy]mder
The mncluded angle of the entrance cone 1s 20°, and that of the diftusion
cone 7° The pressure taps are let mto the tube Just prouimal to the
entrance cone and at the throat These taps are adapted to the positive
and negative chambers of a Sanborn differential manometer Tubing
connections are tapered so that lumen 1s not impaired and are Joched
on with bushings The pressure differential created by flow 1s sensed
by the differential manometer and recorded by any surtable system, 1n
this case by a Sanborn polyviso with carrier preamplhfier An mtegrat-
mng switch 1s necessary to prevent excessive vibration of the writing
arm A tube with 1/8” throat 1s appropnate for amimals and smaller
children A 1/4” throat 1s needed for larger flows n adults

The svstem 1s stable, rehable and easy to use The expense 1 negli-
glble fo;‘ laboratories equipped with recordig devices, partncn]drl_\' if
the equpment mcludes a flind differential manometer The tubce must
not be placed 1n the arteral ine during human perfusions, since pres-
sure falls far below atmosphernie with the constriction, allowing entrance

of air through any leaky fitting



Discussions on Physiology of Perfusion 223

Dr Allen made possible this morning Number 1 is an experiment
performed on a 10 2 Lilo animal with a 260 cc. flow rate The oxygen
consumption was reduced from a very high rate to 55 The expected
oxvgen consumption was in the order of 80 cc per minute If you cool
such an ammal slowly by partial perfusion until the esophageal tem
perature is in the range of 25°C and then start a total by pass with a flow
of 390 cc the A V difference 15 only 40° Finally tho oxygen consump-
ton in #101 was measured and was only 23 3 cc. Oxygen consumption
inanormal animal (10 kg ) with a total by pass the oxygen difference on
cooling was 57 per cent of the basal consumption

Here are further data from that expenment Ve start with 37 4°C
with 230 cc flow per minute flow which means that seven kilo calorles
were extracted from the dog in thirty four minutes In a 10 kalo cooled
animal there are 10 kilo calones Therefore it should equilibrate after
cooling at about 30°C although the esophageal and heart tempera
tures fell to 24°C Presumably the bran, ver and ladney were in the
same range of temperature

I do not maintain that this approach 1s going to have any future
but T do feel that there 15 a necessity for using low flow rates 1n humans
as presently practiced when one combines hypothermia with low flow
rates and that these combmed procedures will produce considerable
metabolic 1mprovement.

DR. STANLEY J SARNOFF Bethesda I have only one comment
to make really To simplify the future communications 1n this area
T wonder if it might not be a good 1dea for the people presenting data
on flow rates to specify how their impressions about it were accum
ulated. Was it obtained with a precabibrated pump was a flow meter
used, and what type of flow meter? It 1s simply that if someone else
Wwere attempting either to imitate or to see different clements such a
person would have more precise knowledge about the comparative
figure they are trylng to mmtate

One other minor comment Mr Chairman In search of a new type
of pump T have tried to use my 1den of what 15 a team perspective
have improvised ubout the nature of the development of this art, and
lave done some extrapolating as to where this might lead

Just a word about some of my 1deas Especwully Dr Sealy indicated
that the cool boys might be getting hot again That hypotherrme might
not be too remote is a real possibility One might even get a hittle more
concrete and mention an anilysis that an obsen er is working on The
work was done by Stanlev Brochman and Blalocl 5 group Brockman
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Figuie 95 simply shows what Dr Gollan has already shown, but we
don’t cool to such an extent as he does The rate of fall in tempera-
ture of the kidney 1s the same range as the heart, bram and esophagus
The skeletal muscle and rectal temperatures fall relatively slowly on
cooling, while the other organs at a lngh flow cool rather quickly It
15 easy to understand why tlus happens 1if one looks at the basal flow
of the organs which are only a little more than the total weight of the

TIME CENTIGRADE

25°

20°

YENTRICULAR FIBRILLATION

I5°

STARTED STOPPED STARTED
COOLING COOLING WARMING

10° t

VOLUNTARY
RESPIRATION

|—ESOPHAGUS == = v e =
2—BRAIN =0=tututppmtgmtro=e=

3—RECTUM ==—mcmeemeeo
4—HEART

5—MUSCLE
6—LIVER ==--e--- - -

Ficunre 95

dog It 1s readily scen m which of the vital organs of the dog the
temperature falls very quickhy with low flow rates
Now for the sake of comparison I have made a httle table wlich

The luate-tube and mlon wdipters oy be obtuncd from the Olson VManu-
facturing Company, Ashbind, M oisschinse tts
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Dr Allen made possible this morning Number 1 Is an experiment
performed on o 10.2 kilo animal with a 260 cc flow rate The oxygen
consumption was reduced from a very high rate to 55 Tho expected
ovygen consumption was n the order of 80 cc per minute If you cool
such an ammal slowly by partial perfusion until the esophageal tem
pertture Is in the mnge of 25°C and then start a total by pass with a flow
of 390 cc. the A V difference is only 40° Finally the oxvgen consump-
tion in £101 was measured and was only 23 3 ce. O gen consumption
in a normal animal (10 kg ) with a total by pass the oxygen difference on
cooling was 57 per cent of the basal consumption

Here are further data from that experiment We start with 37 4°C
with 230 cc flow per minute flow which means that seven kilo calones
were extracted from the dog mn thirty four minutes In a 10 kilo cooled
animal there are 10 Kilo calories Therefore, 1t should equilibrate after
cooling at about 30°C although the esophageal and heart tempera
tures fell to 24°C Presumably the brain, Iiver and kidney were in the
same range of temperature

I do not maintain that this approach 15 gong to have any future
but I do feel that there 1s a necessity for using low flow rates in humans
as presently practiced when one combines hypothermua with low flow
rates and that these combined procedures will produce considerable
metabolic improvement

DR STANLEY ] SARNOFF Bethesda I have only one comment
to make really To simplify the future communications in this area,
I wonder if it might not bo a good idea for the people presenting data
on flow rates to specify how therr impressions about it were accum
ulated Was 1t obtained with a precalibrated pump was a flow meter
used, and what type of flow meter? It is simply that if someone else
were attempting either to mmitate or to see different elements such a
person would have more precise knowledge about the comparative
figure they are trving to imitate

Once other minor comment, \Mr Charrman In search of a new type
of pump T have tried to use my idea of what is a team perspecetive
have improvised about the nature of the dev elopment of this art, and
have done some etrapolating as to where this might lead

Just 2 word about somc of my {deas Especiall, Dr Seal mndicated
that the cool boy s might be getting hot agam. That hypothermu might
not be too remote is a real possibilih One mught even get a Little more
concrete and mention an wnalvsis that an obsener is working on The
work was done by Stanles Brockman and Blalock s group Brockman
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Figure 95 simply shows what Dr Gollan has already shown, but we
don’t cool to such an extent as he does The rate of fall in tempera-
ture of the kidney 1s the same range as the heart, bram and esophagus
The skeletal muscle and rectal temperatures fall relatively slowly on
cooling, while the other organs at a ligh flow cool rather quickly It
1s easy to understand why this happens if one looks at the basal flow
of the organs which are only a hittle more than the total weight of the
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dog It 1s readily seen in which of the vital organs of the dog the
temperature falls very quickly with low flow rates
Now for the sake of comparison T have made a hittle table winch

The Tuate-tube and nvlon wWipters may be obtuncd from the Olson \f ot
facturning Company, Aohlid, Moascichnse tts
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before and after extracorporeal circulation Figure 98 We calculate it
as being due to a very great difference in flow rate, and we see with
increasing flow rate there 15 increased ovygen consumption approx
mating controlled values at around 100 cc. per kilo We have used
Preperfusion axygen consumption as the control. We did the same
thing in 10 dogs before extracorporeal circulation to diminish cardinc
output by oceluding partially the pulmonany artery and then calculated
the cardiac output according to the Fick pnnciple You see the same
thing with o decrease in cardiac output and there is a decreased
Ny gen consumption of the duration of estracorporeal eirculation This

{s without extracorporeal cireultion and that might be the cause of
the difference of cardiac work
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asked me to help analyse a series of 20 cypermments he did there, and
he was apparently of a mind that he knew as much as Bentall, although
he had by no means the epenience that Bentall has, namely that
simplification 15 very g catly desnable He learned the hard way that
the pump oxygenator 15 difficult to regulate, and he thought the easiest
thing was to ehmmate i, which he has attempted to do What he has
done 15 to put a cannula m the left subclavian artery, and at 29° to
close the camnula, and to use mecholne arrest Instantly blood was
perfused into the left subelavian and the carotids He had an oaygen flow
from 30 to 52 with ventriculotomy or aortotomy The analysis of this
study to which T 1eadily acquiesced, was rather mteresting to me

In one of the twenty dogs he did a complete cardiac block for 30 to
52 mmutes at 29° This dog presented transient ataxia for one day after
operation The overall moitality was this Out of the twenty dogs,
twenty dogs survived 1 thought that was rather impressive (Any -
accuracies mn this discussion are due to transcript not being entirely
clear [Ep])

DR AKE SENNING, Stockholm, Sweden I am going to show three
shdes

In the first shde, Figure 96, we have tried to show oxygen consump-
tion 1n relation to flow rate These are the first 18 patients we Oper-
ated upon On this shde you see immediately the per kilo, and the
extracorporeal blood rate in mlliliters per kilo body weight per minute
You can see that as you increase the flow rate you mcrease the oxygen
intake which 1s 1 a range of 20, 40 and 60 At the same time we
measured m nme patients the increase 1n lactic acid, before, durmng
and after extracorporeal circulation Here 1s mcreased lactate m milh-
equivalents per minute i the etracorpeal period which has been of
different lengths With low flow, you see there 1s icreased lactate, but
with a Iugh rate there has been no ncrease 1n lactic acid

Shown m Figure 97 are the results from three patients m whom we
did oxygen consumption before anesthesia, after anesthesia and during
extracorpeal circulation, and we had a difference, first of 82, and 50 and
65 With 82 cc per kilo per minute with the same ovygen during, after
and before extracorporeal circulation, here there 1s a great difference
mn the rate of oxygen consumption These are not relatable to the dura-
tion of extracorporeal circulation

With Murray Anderson of Buffalo, we did a laboratory e\perlme“;
on dogs to see the correlation between blood ovygen and the rate 0
flow At first we tried before and after anesthesia experimentally and
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THE EFFECT OF PERFUSION ON ORGANS
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In Figure 99 we have plotted the flow rate with the oxygen con-
sumption and compared 1t with the control values as they were
before extracorporeal circulation There are marked high angles here,
and with increasing flow rate, the ovygen consumption goes up about
100 per cent, the same as before perfusion The artenal blood pressure
goes up, but 1t doesn’t reach preperfusion levels The arterial-venous
difference 1s more or less the same as 1t was before extracorporeal cir-
culation

We made an experiment on animals who were too large for oaygena-
tors, Fig 100 We have the oxygen consumed and the arterial satura-
tion, oxygen saturation decreased, and at the same time the venous
saturation mcreased What happened 1s that the oxygen consumption
goes up m all three experiments



PROBLEMS AND QUESTIONS ON COAGULA
TION OF BLOOD ARISING FROM THE
USE OF EXTRACORPOREAL CIRCU
LATION PUMPS AND
OXYGENATORS

By
J GarrorT ALLEN, M D

L SOME FACTORS AFFECTING IN VIVO COAGULATION OF
BLOOD AND THE MAINTENANCE OF ITS NORMAL
FLUID STATE

A.NY EXTRACORPOREAL circulation may oceasionally result in dis
aster from uncontrollable hemorrhage The nature of this bleeding
diathess 15 poorly understood because several of the clotung com
ponents may be affected singly or mn combination Moreover
It must be acknowledged that our theones on coagulation exceed
our facts and until such tume that knowledge is advanced as far
8s speculation, we will be unable to mterpret adequately the
total picture

Most studies m the field of blood coagulation during the past
95 years have been in vitro in character Remarkably few attempts
have been made to study coaguletion in the Living preparation
While neither approach 1s sumple nor free from criticism the
hemorrhagie diathesls associated with extracorporeal circulation
pumps and oxy genators 13 extreordimanly difficult to evaluate by
the in vitro technic alone With viviperfusion we are confronted
with the necessi to examme blood and 1ts coagulation under
both of these crrcumstances  particularly by smtable in vico
methods

VWe have arrived at a st 1ge m the development of cardiac and
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vasculai suigery which 1s considerably m advance of our knowl-
edge of blood coagulation, despite the large body of data derved
from clottmg studies under the special m vitio conditions the
coagulationists have employed In the minds of most who have
worked on blood clotting, the years between 1861 and 1942 con-
stitute the golden era of coagulation The first obse1vations m this
period weie by Alexander Schmidt of Dorpat who began his
studies m 1861 About the time of Schmdt’s retirement from the
field, William Howell of Baltimore entered and remamed actively
engaged as 1ts leading mvestigator until his death m 1942 These
and other mvestigators, too numerous to detail, were able to estab-
lish the 1 vitro function of the following major components of co-
agulation. platelets, prothhombmn, fibrimogen, fibrin, clot retrac-
tion, fibrmolysis, the calecrum 10n, heparin, the vailous accelerators
and inhibitors of coagulation, and vitamin K In addition, the de-
velopment of the fractionation technics for the protemns of plasma
has permitted the study of the clotting components m 1solated
vitro systems as well as provided us with the therapeutic concen-
trates of fibrinogen and antihemophilic globuln If we were to
add to the 80 years m which Schmidt and Howell worked, the 15
which have elapsed since Howell’s death, we have spent nearly a
century on the 1n wvitro approach to coagulation Admittedly, the
n uit1o techmes have yielded an abundance of very fruitful mfo‘r-
mation However, 1n the use of such laboratory methods for i
uitro study, we have seldom touched upon the problem of abnor-
mal clotting or abnormal hemorrhage m the hving We know httle
of the real mechanism of the bleeding 1n any hemorrhagic diathesss
regardless of its cause, mcluding that of the central theme m this
conference, 1 e, extra-corporeal circulation, pumps and oxygena-
tors The last serious attempts to study the clotting mechanism i
the living preparation were those of the surgeons, John Hunter,
Astley Cooper, and Joseph Laister, all prior to 1863

We cannot yet answer the two important questions which have
motivated most of the studies on coagulation from day one Why
does blood clot when 1t 1s shed, and by what mechamsm 1s the
arculating blood able to mamntamn its flud state m the normal
circulation? Our understanding of extracorporeal coagulation €\-
ceeds considerably that of the i vivo clotting mechanism, our
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knowledge of the clotting functions of the vanous components of
coagulation m 1solated systems wlich seldom 1if ever exist m life
1s advanced beyond rcasonable hope that sinilar aclievement will
obtain in our hife time on the coagulant propertics of so “crude”
a substance as whole blood Perhaps a renaissance of the crude
approaches of Hunter Cooper and of Lister at this time would
prove fruitful and provide valuable information to our current
questions relative to the causes of the bleeding syndrome as well
as the troublesome problem of fibnn deposition encountered
occasionally in the use of extracorporenl circulation with or with
out pumps or oxygenators In fact the introduction of viviperfu
sion technics cannot be thoroughly studied in the absence of
expenimental designs that include methods for the study of the
clothng mechanism m whole blood in the living preparation
However many of the In vitro techmes present and past are
applcable to the pump-oxygenator problems in a imted way
Let us first examine the theories of blood coagulation m reln
tion to the hemorrhagic diathesis and the intravascular coagula
tion which may complcate viviperfusion It is soon apparent
that these in vitro concepts of coagulation do not necessarily apply
to our pump-oxy genator problem or for that matter to that of any
hemorrhagic or clotting disorder occurring in man We might first
cxamine these theories as they have generally been interpreted to
cxplain the fluid state of the circulating blood during normal life
Most, if not all theories have presumed that blood does not clot in
the normal circulation because the major components of coagula
tion circulate only as inactive precursors and that activation re
quires some form of trauma to inibate the clotting mechamism This
concept may not be correct at least m its literal sense For example
one of the simplest of all theories that which Morawitz adyanced
In 1904 assumes the clotting mechanism to be dormant until “tng
gered” by some form of trauma. From his theor and most of those
which follow ed, 1t 1s presumed that the circulating blood 1n the nor
ml individual has no tendency to clot unless circumstances de-
Velop which mitiate a breakdown of tissue espectally those of the
Il)\](:)d \feslsels or those which induce platelet Ivsis Most assume that
]N':(‘Oﬁg)nﬂte]ets or the breakdown of other cellular components re
1 therr intracellular substance a matenal which elaborates
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a thiomboplastic agent 1n the cnculating blood The thromboplas-
tin generated then converts “mactive” prothiombin, m the presence
of the calcium 10n, mnto the potent coagulant~thrombm The latter
m turn t1ansforms soluble fib1mogen nto the fibrin clot

We do not question this 1eaction, but our laboiatory for some
yea1s has enteitamned considerable doubt that the clotting mecha-
nism 1s mactive m the normal cnculation * In fact, we believe 1t
to be normally engaged m the prevention of hemorrhagic states
as well as i the avoidance of serious intiavascular clotting As
knowledge has developed, 1t 1s apparent that these reactions are
a function of accelerators as well as of natural mhibitors, most of
these can be demonstiated 1 vitio under appropriate conditions
Moreover, we see no evidence for the existence of a force or an
agent, mcluding hepaim, m the normal cnculating blood which
possesses sufficient power to mhibit clotting completely Further-
more, the concept of a dynamic coagulation 1s m harmony with
those of most biochemical o1 physiologic 1eactions occurrng
withmn the body under normal cucumstances Just as these reac-
tions normally proceed m equilibrium, or as ones of homeostasis,
under basal conditions and are capable of acceleration or retarda-
tion under non-basal conditions, we believe the normal clotting
mechanism 1s engaged m continuous activity normally to prevent
spontaneous hemorihage on one side of this equilibiium and m-
travascular clotting on the other We have exammed our thesis
to discover experimental or clinical evidence that blood coagula-
tion 1s not the dynamic or homeostatic process we contend In-
stead of contiadiction, our data tend to stiengthen owr thesis, how-
ever, we must admit that many untested facets exist and that in at
least one of these, we see no very obvious means of exploration
While we believe that mtravascular clotting must normally func-
tion contmuously to prevent the spontaneous occurrence of ex-
sangumaiy hemorrhagic diathesis, we have not yet been able to
demonstrate how such hemorihagic catastrophes are normally
prevented We are of the opmion that the bleeding and clottmg
abnormalities associated with estra-corporeal circuits, oxygenators
and pumps will be more easily understood 1f one bears mmd
the evidence that coagulation 1s a dynamic mechanism, mstead of
pursung the previous beliefs, implhied o1 stated, that coagulation 15
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onlt 2 potential activity of blood In support of the homeostatic
concept the following obsersations are presented

A Clinieal Evidence of a Dynamie Coagulation

1 If platelets are not 1ctively engiged m the prevention of
spontancous bleeding under normal conditions how can wo
explamn the benefit demved from restoration of the platelet
count in thrombocy topenic purpura by splenectomy or the
transfusion of platclet concentrates? If plitelets play no role
normally in the prevention of blceding thewr complete
absence should not gne rise to a spontaneous and fatal
hemorrhagic dithesis except when trauma occurs f the
previous theories are correct

2. If prothrombin 1s inactix ¢ unless actnvated by thromboplastic
substances which only can be elaborated under conditions
of trauma or blood shed how can we account for the ab-
normal bleeding syndrome n patients with severe prothrom
bin deficiency or its prompt correction when the normal
range of prothrombin 13 re-established by vitamm K ad
munistration or the transfusion of large quantities of freshly
prepared plasma? This too 1s not explamed unless one is
willing to accept the dynamic role of coagulation as a normal
mechamism essential to Iife

3 If fibrinogen is normally mactive as previously maintained
why does 1ts absence from the normal circulation lead to
serious or fatal spontaneous hemorrhage when uncorrected?
Why should the transfusion of fibrinogen quickly control the
bleeding tendency 1n patients in whom this is the only ab-
normality present? One may examine in this same light the
clinical role of the naturally oceurring secondary components
of coagulation both the accelerators and inhibitors the
answer again seems to be the same—dynamic roles for all

These clinrcal syndromes and their response to the treatments

mentioned are established facts They are syndromes which can
be reproduced in the Inng experimental animal by anvone How
eser to aceept them as categone cvidence 1n fayor of the dynamic
?lmn 15 to deny one who may be curious the pleasure that comes
rom the use of the scicntific method and its application to physi
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ology as well as to many fields of clinical medicine and surgery
Thus, we have exammed the dynamic theory m the laboratory by
several technmies The results obtamed appear to support our con-
tention and may also account m part for some of the disorders of
coagulation encountered m the use of the extracorporeal circula-
tion, the pumps and the oxygenators, discussed yesterday

B. Experimental Observations on the Dynamic Role of Coagula-
tion m vivo

If coagulation 1s dynamic, then we should expect the rates of
turnover of the major clotting components to be fairly rapid In-
deed, studies suggest that they are

1 When homologous concentiates of platelets are transfused
m quantities sufficient to 1estore the platelet count to normal m
the dog 1endeied thiombocytopenic by exposure to total body
x-radiation, bleeding promptly ceases Within less than 36 hours,
however, the pietransfusion thiombocytopenic state recurs and
bleeding may 1esume This same rapid disappearance of trans-
fused platelets from the circulation 15 also observed m the
normal dog given enough homologous platelets by transfusion t0
double their normal concentration 1n the circulating blood *

2 Prothrombin concentration and 1ts activity lend themselves
even more readily to expeimmental study In the dicumarohzed,
prothrombmn-deficient dog o1 man, the transfusion of large
amounts of freshly prepared canme or human plasma 1€stores
immediately the prothrombin concentration and activity to nor
mal Agam, however, twenty-four to thirty-six hours lates, the pre-
tiansfusion reduced level of prothrombin activity reappears as
well as the hemorrhagic syndrome *

One can also study the rate of prothrombin elaboration Thus,
we can examime fanly well the rates of elaboration and destruc-
tion of prothrombm activity to determine whether these are mn
equilibrium If the liver 1s capable of the manufacture of pro-
thrombm, the admmistration of swtable preparations of vitamm
K will restore the level of prothrombin activity to normal within
twenty-four to thirty hours results which compare favorably with
1ts rate of destruction Under these circumstances, 1t appears that
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the rates of production and destruction of this clotting component
are fairly well synchromzed

3 The acute depletion of all coagulable fibrinogen from the
crculation of the dog requires more drastic technics Yet the
technics we have used simulate the conditions that may occur m
the course of the improper use of extracorporeal circulation and
pump oxygenators To tls extent the following observations ap-
pear relevant and valid

Slow mtravascular coagulation with complete disappearance of
coaguleble fibrnogen and the activation of the fibrinolytic sys
tems can be achieved in twenty to thirty mmutes by careful m
travenous admunstration of erther a thromboplastic material or
thrombin  Minute clots can be detected mucroscopically m the
capillanies of most organs if the animals are sacnficed promptly
to avoid the dissolution of these clots by the activation of fibrnno-
lytic enzymes The circulating blood remams incoagulable for
six to ten hours before any coagulable fibnnogen reappears The
normal concentration of fibnnogen 1s re-established ten to four
teen hours later or eighteen to twenty two hours after the mfu
s1ons of thrombin were completed

The rapid mtravenous admmistration in dogs of activated con
centrates of human fibrmolysim will destroy all coagulable fibrino
gen within a minute or two after injection The fibrmolytic activaty
of the circulating blood can be detected for three to six hours
After this period of ime coagulable fibnnogen reappears reach
ing 1ts pretransfusion levels withmn eighteen to twenty four hours
The normal rates of production and destruction (metabolism) for
circulating fibrinogen may be eshmated by tracer technics using
either C* of §** It 15 also posstble to establish values for similar
functions of prothrombin by these isotopic methods We found the
turnover rates of fibrinogen and prothrombin when estimated by
tracer methods to be 1 reasonable agreement with those we
obtuned by the biologic methods described above Thus we have
concluded from our clinical and expenimental studies that the
cireulating blood is normally engaged in the prevention of spon
taneoushy occurring hemorrhagic disorders that almost certamnh
otherwise would be mcompatible with life
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The dynamic theory of coagulation 1a1ses moie questions than it
can scttle at this ime The foremost questions are  How does 2
dynamic coagulation mamtam the mteguty of the circulation’
By what mechanism(s) 15 exsangumary spontancous hemorrhage
normally prevented? Is the pathophysiologic end result i throm-
bocytopenic puipuia the same as that encountered i prothrombm
deficiency o1 m afibimogenema? We have no answers

However, 1if the clinical pattein of each of these hemorrhagic
syndiomes 1s any ciiterion, 1t seems likely that platelets function
differently than prothirombin and/o1 fibimogen m the prevention
of abnoimal bleeding The petechial natuie of the bleeding
syndiome of thiombocytopena 1s not shared clmically by patients
with depletion of prothiombm o1 fibimogen provided the platelet
counts 1emam noimal However, the tendency for the more
extensive extiavasations which chaiacterize the hemorrhage
syndiomes of hypopiothiombmema and afibrmogenenua are also
seen m many with the fatal o1 severe hemonhagic diathesis of
thrombocytopenia, too

If we aie to explain the prevention of any spontaneously occul-
1ng hemonhagic syndiome, one of two potential possibilities
should be exploied expermmentally and, when possible, clinically
Fust, we are appaiently foiced to the probability that one of the
important noimal functions of the clotting mechamsm 1s directed
toward the smaller blood vessels to prevent an otherwise uncon-
tiolled tendency to bleed This pait of om thesis offers the only
tenable explanation of spontaneous occurience of hemoirhage 10
the clotting abnoimalities under discussion The clmical and
pathologic chaiacterstics of these syndromes suggest the weakest
link m the vascula: cham to be the small venules and capillaries.
Seemingly, platelets, piothrombmn, and fibrinogen contribute
directly or mdirectly to the stiuctural mtegrity of these vessels
Is 1t possible that platelets normally spend themselves 1 part by
“pluggmg” the ntercellular potential spaces of these small ves-
sels, particularly the capillaiies® We have searched mic10SCopl-
cally for such evidence 1 viti0 and mn vivo but alas, without suc
cess Is 1t possible that some pioduct of platelet metabolism
affects the mtercellulal ground substance or “cement”? We simply

do not know
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It may well be that one of the products of the normal metabo-
lism of fibrinogen is fibrn and that fibrin normally coats the sur
faces of all vessels mcluding the smaller one This 1s possible but
we do not know that it does occur We do know that there is a
coating on the surface of the intima, but we do not know its com
position nor its function The ordmary methods of microscopy have
not been very helpful 1n this respect nor have those of histo-
chemstry that we have employed to date On the other hand the
normal function of the fibrinolytic sy stem remains to be explained
Were fibrin in some form normally deposited along the intimal
surfaces 1t may be that the fibrinolytic systems serve as a “pipe
cleaner” to prevent the eventual total occlusion of vessels by this
coating material especially were it eventually shown to be fibnn
It s well known however that in extremes of fibrmolvtic activity
some of the other plasma protems are also attacked by these en
zymes including prothrombin and even platelets *

Acceleration of fibrinolvtic achwvity may oceur mn several ways
At least one of these may account for the increase mn fibnnolyhe
activity that is occasionally reported as a contrnibuting cause to the
hemorrhagic diathesis of extracorporeal circulations of the types
described vesterday The mere presence of a thrombus of blood
and fibnn appears to stumulate the rate of actlvation of fibrmoly
815 from 1ts precursor—profibrolvsin It 1s also possible the throm
bus or its associated thrombm or thromboplastin mactivates the
naturelly occurring inhibitor of fibnmolysin—antifibrinolysin Nor
mally antifibrinolysin is abundantly present in blood

Thave been somewhat hesitant to present so radical a departure
from the usual views on blood coagulation especially before this
audience My decision to do so is necessitated by the failure of
other theories to explamn satisfactorily what we as surgeons ob-
servc m the living patient Moreover the few facts we have at our
disposal, it much better mto & dvmamic coagulation than mnto

those theories of the past A fresh pomt of view even sf en entually
Prot en mcorrect may 1t least force those who hold differing views
to provide the necessanv in tico evidence to sohdify their post
tion It will lso force us to examme our own concepts by the

({C\rlopmmt of new methods and the accumulation of much more
data,
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POTENTIAL AND ESTABLISHED HAZARDS THAT MAY BE
ENCOUNTERED IN EXTRACORPOREAL CIRCULATION

What happens to the clotting mechanism m the course of extra-
co1poreal cuculation depends upon how extensively the dynamics
of coagulation may be accelerated while the circuit 1s open, the
chaiacter of the cncuit and its use Some of the papers pre-
sented yesteiday and this morning disclose that, as experience
with the use of pump-oaygenators accumulates, many of the
mechanical defects aie 1educed or conected, and that the changes
mn blood coagulation aie less frequently observed and aie less
seveie Yet, to some extent, abnormal bleeding and coagulation
contimue occasmnally to present serious problems The causes of
this type of hemonhage are paitly explamed on the basis of the
following obseivations

The mmpoitance of smooth, non-wettable, and clean surfaces
thioughout the cncuit have been mentioned by many In Figure
101 1s shown the effects of a 10ugh connection m an otherwise
clean and fanly smooth suiface of Mayon tubing Both pieces of
tubing wete filled to five-siaths of their volume with human blood
contaming 15 mg of hepaim per liter The ends of the tubimngs
weie then jomed and held in place by the rubber colla: shown
this figme These tubes were then rotated continuously at 60 1pm
at 30° C Platelet counts and detexminations of fibimogen were
made prior to this test and at the end of fifteen and thirty mmnutes
of 10tation m each tube The 1esults are presented m Table 1

While the platelet count fell in the blood of both tubes, the
diop was much gieater for the blood contained m the tubmg 1n
which one end was forced mside the other to complete the circle
In the tube m which the ends were cut smoothly and held mn
apposition without a rough surface, the declme platelet counts
was less severe The concentration of fibrinogen, after neutrahza-
tion of heparm mn these samples by the same milligram weight of

rotamme per liter of heparin, was not matenally changed How-
evel, the clottting time after the addition of protamine was pro-
longed m both tubes compared with that of the controls

Another hazard in extracoiporeal circuits that may be over:
Jooked 1s the anti-heparn effect of platelets If a fairly pronounced
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ROUGH EDGED | SMOOTHTEDGED

Fic. 101 Photo on Jeft is of Mayon tubing which when filled to about 85% of
volume with heparinized blood was jolned in a circle with one end forced
into the other giving the “rough” edge The tube on the night was jorned by
appostion of smooth edges held bv exterforally placed rubber collar After
rotation 15 and 30 minutes platelet count was distinctly lower o the
rough” tube, see Table I

fall m the platelet count occurs for any reason the quantity of
heparin required to mamtan autocoagulation is reduced almost
exponentially This fall may increase the extent of bleeding from
the same quantitv of heparm and therefore require an increase of
protamine to counteract the effect of the anticoagulation from
heparm.

Should severe thrombocytopema with uncontrollable bleeding
be encountered 1n the course of an extracorporeal circulation how
can this be counteracted? To attempt the restoration of platelets
by the transfusion of freshly drawm heparinized whole blood
transfusions collected 1 plasthc bags offers httle benefit Here
we encounter a problem similar to that of the patient with

TABLE I

Prarcrar Covrrs Pra c i . or Ieraroeen Brooo ALiquors reou Sar Swarr
Bxroux Rotatiox aNp Bresiees krrecr 15 Mrres axp
30 Movures Larea, sen Fio 1

Control 460 000
After 15 minutes rotation
a Bmooth “eal 424 000
b Rongh Seal 374 000
After 30 minates rotatson
a8 “mooth “eal 259 000

b Rough Seal 216 000
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severely 1educed concentiations of sodium, chloride, etc, when
we attempt to 1estore lus electiolytes by the mfusion of 1sotonic
saline, 1t may be necessa y to admmuster dangeious quantities of
water m oider to provide enough salt at the 085 per cent con-
centiation To oveircome this problem, we generally employ hy-
pertonmc fluds of 3 to 5 per cent salme, theieby reducng the
quantity of water 1equued The same o1 a gieater danger of over-
load exists when we attempt to conect severe thrombocytopenia
by the admmustration of enough blood to 1eplace the quota of
noimal platelets Ow only hope 1s to transfuse small quantities of
platelet concentiates When propeily prepared, the quantity of
platelets fiom 10 to 15 umts of blood can be transfused m less
than 500 ml of plasma But this 1s a tiansfusion 1equest that few
blood banks can meet as an emergency proceduie Therefore, 1t
15 better to avoid the sticking of platelets to the surfaces of an
extiacoiporeal cucuit, bemg certamn that smooth, non-wettable
surfaces aie used thioughout and that coagulation 1s prevented
by hepaimn while the cncuit 1s m use

Another consideration m the avoidance of the hemorrhagic d-
athesis after closure of the ecncuit 1s the quantitative relationships
that exist between hepain and protamime sulfate The protamine
that we have employed mn mtro will neutialize hepaiin quantita-
tively m a 1atio by weight of 1 to 1 Piotamme performs even
more effectively in vivo when admmistered by vern, except when
thrombocytopema also 1s piesent Then more piotamme 15 1€
quied One must beai m mind, however, that the rate of destruc-
tion of protamme when mjected intiavenously exceeds that of
heparm Therefore, occasionally a second mfusion of about half
the mtial amount of protamme may be requned about 2 hous
later ®

Piotamme does have an anticoagulant action of 1ts own when
given m laige excess We have not encountered this action when
less than 2 mg of protamine per kilo of body weight has been ad-
ministered

Our studies on prothiombm activity and 1ts utihization does not
disclose any abnormality, provided estensive mtravascular coagu-
lation 15 prevented by hepaim, and that fibimolysis does not be-
come an acute problem If coagulation does occur or high titers
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of fibnnolysm do develop prothrombm also may be consumed or
digested rapidly This proteoly tic system can digest prothrombin
to the pont of depletion *

Fibninoly tic enzymes may be activated or their rates of activity
accelerated by one of several methods In this report we are con
cerned primarily with the ccelernted rate of fibrinolytic activity
by mtravascular coagulation If clotting becomes a serious prob-
lem the fibninolytic svstem may be activated very quiclly and
veny high titers may occur If one attempts to simulate the ex
tremes that can occur from the improper use of an extracorporeal
circuit, with or without a pump and an oxygenator by the slow
Intravenous infusion of small quantities of thromboplastic ma
terial or thrombin in the dog, minute emboli of fibrin and of
agglutinated platelets are deposited throughout the capillary beds
of all organs Survival 1s possible but neurologic sequelac with
evidence of brain damage not dissumilar from that attributed
yesterday in this conference to oxy gen intoxication are frequently
encountered * Thus 1s not to deny the custence of oxygen intoxica
ton as well as oxygen embolization but serves to draw attention
to another potential mechamsm that can simulate the response
attributed by several discussants yesterday to oxygen mtoxication
Took forward to heanng more of these embolzation phenomenon
tomorrow

In Figure 102 is shown the tendency for blood to undergo fibrin
olysis after extensive mtravascular coagulation has occurred This
Ivtic tendency appears promptly and 1s largely dissipated by the
end of the fourth post infusion hour in the experiments we have
performed. The bleeding tendency is easily combatted by the ad
ministration of fibrmogen The platelet count and the prothrom
bin activity are severely depressed by extensive intravascular clot
ting of this type The situation 1t creates simulates that seen in
thrombotic thromboevtopena in man *

It is difficult to assess the presence or absence of endogenous
anticoagulants under these circumstances 1f for no other reason
than exogenous heparin has alrewdy been administered This 1s a
field of much debate m wlich the estabhished facts are few

Should the hemorrhagic diathesis appear after the shunt or
by pass s closed and the «vogenous heparn has been neutralized
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Fic 102 Such extensive fibrinolysm titers developed 1n the blood of this pa-
tient that 0 1 ml of the patient’s blood lysed 09 ml of normal blood 1n 30
minutes Note that neither protamine nor thrombin enabled the tubes of

blood to clot Lack of coagulation 1s indicated by sedimentation of 1ed cell
mass

by the administiation of suitable quantities of protamine, what
then? If time permuts, the following proceduies may prove useful
to establish the kinds of therapy that may be mdicated

a The determmation of the whole blood clotting time by the
Lee-White method or by one of its modifications It 1s most 1m-
portant to save all tubes of clotted blood, placing them m a water
bath at 37° C to obseive for the occuiience of lysis of the clot
Partial o1 complete lysis may occur m a matter of a few mmutes
to one hour If the clot remams normal and firm for one hour, lysis
1s not hikely to be the major problem m the hemorhagic diathests
at the time the sample 1s diawn, except when all fibunogen has
been digested and no clotting 1s possible However, any tim¢
durmg the first few hours after closuie of the circut, lysis may
develop and create a serious problem in hemostass Therefore, if
bleeding continues and other studies are normal, Iysis should he
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sought for again before re exploration of the wound for the pres
ence of surgical bleeding due to madequately lhigated vessels
unless of course, the latter 1s obvious Lysis can be easily and
rapidly detected and may be associated with hemolysis

b If the blood fails to clot onec of two reasons generally will
explain this problem when 1t occurs 1n the course of the use of
extracorporeal circuits or following shortly thereafter Such fail
ures of clots to form are usually due either to the inadequate
neutralization of heparmn by protamine and indicate that more pro-
tamine 15 required, or to such an extensive lysis of fibrnnogen that
no coagulable fibnnogen remains To establish the presence of
unneutrahized heparin a protamine titration of the tvpe described
by this laboratory® may be useful If the blood coagulates in the
tubes contaming higher concentrations of protamine the defect is
apt to be the presence of unneutralized heparin, although throm
bocytopenia and an accelerated rate of fibnnolysin may also co-
exist Platelet counts to check for thrombocytopena and the addi
tion of Aibnnogen or normal blood to the unclotted sample of the
patlents blood, with the mcubation of this mixture at 37°C
should be carnied out to check for the presence of excessive fibrmo-
Iytic activity as detailed in the next paragraph

¢ If the blood sample from the patient fails to coagulate upon
the addition of the quentities entailed n the protamine titration,
another tvpe of titration is mdicated, that of titrating this ab-
normal blood agamst normal homologous blood or fibrnogen.
A senies of 11 chemically clean but uncoated serology tubes con
tamning increasing increments of the patients blood, starting with
02 ml with each tube containing progressively 02 ml more of
the patients blood until the final tube contans 2.0 ml of the
patients blood A 20-ml sample of venous whole blood is then
drawn through an ofl-coated syrmge and needle from a normal
male human subject and placed m a 50-ml. oil coated test tube
Using an ofl-coated graduated 5-ml pipette filled to the S-ml,
gradation 0.2 m! of normal blood 1s added to the tube containing
the 18-ml volume of the patient s blood, making a total of 2.0
ml of the mixed blood 1 9 of the 11 tubes Thus 04 ml 06 m]
08 mL ete of the normal blood are added respectively to the
tubes contaming 16 m! 14ml 12ml 10m! 08ml 06 ml
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Fic 102 Such extensive fibrinolysin titers developed m the blood of this pa-
tient that 0 1 ml of the patient’s blood lysed 09 ml of normal blood 1 30
minutes Note that neither protamme nor thrombm enabled the tubes of

blood to clot Lack of coagulation 15 mdicated by sedimentation of red cell
mass

by the admimstiation of suitable quantities of piotamme, what
then? If time permuts, the following proceduies may prove useful
to establish the kinds of therapy that may be mdicated

a The determmation of the whole blood clottmg time by the
Lee-White method or by one of its modifications It 1s most 1m-
poitant to save all tubes of clotted blood, placing them m a water
bath at 87° C to observe for the occunience of lysis of the clot
Partial o1 complete lysis may occur 1 a matter of a few mmutes
to one hour If the clot remams normal and firm for one hour, lysis
1s not likely to be the major pioblem 1n the hemoirhagic diathesis
at the time the sample 1s drawn, except when all fibriogen has
been digested and no clotting 1s possible Howevel, any time
durmg the first few hours after closure of the circuit, lysis may
develop and create a serious problem i hemostasis Theefore, if
bleedmg continues and other studies aie normal, lysis should be
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than from venous blood If severe thrombocytopenia is present,
mmmediate arrangements should be made for the transfusion of
platelet concentrates if possible

& Treatment often cannot await the outcome of the laboratory
determinations mentioned above However if one prepares for
these clotting studies In advance of each operation and with the
same care that he does for the use of his extracorporeal circulation
at least these studies can be msttuted on blood drawn before
blind treatment 1s started There 15 no objection to blind treatment
when it remains within the bounds of good judgment. Basically
only two forms of treatment are readily available 1n that these are
the only effective agents which can be stored indefimtely 1n the
facihtes of the hospital They are fibrmogen and protamie sul
fate Platelets do not retam their full activity when stored by
methods which might otherwise seem adaptable to clinical use

Six to 12 grams of fibrinogen should be diluted i 200 ml. of
saline and administered intravenocusly 1n ten minutes time or less
when bleeding 15 suspected as ansing from 1its depletion. It may
be necessary to repeat this dosage or somewhat smaller ones
within one to four hours should bleeding recur because of con
tinued lysis of the transfused fibrnogen Usually however the
ncreased fibrinolvtic titer dumimishes rapidly so that the major
concern 15 the transient replacement of fibrinogen to mamtam its
near normal concentration until its endogenous production by the
subject 15 capable of supporting this phase of the clotting defect

Fifty mgm of protamine sulfate or about 07 mgm per kilo 1s
also administered by vemn when bleeding recurs after previous neu
tmlization of heparin by this agent Protamine should not be added
to the bottle containing the infusion of fibnnogen as protamine
may cause fn oitro precipitation of fibrinogen We generally ad
mumnister the 50 mgm or lesser doses of protamine intravenously by
the syringe technic over a period of three to five mmutes of time
This dosage may need to be repeated within thirty mimnutes to an
liour or two later *

If we can treat blindlv why perform the abosve laboratory pro-
ccdures at all? Their chief + 1lue 1s that they may shed some light
on the quuntities of protamme or fibrinogen that may be needed
Moreover these data afford opportumty to check upon the clot
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Odml, 02 ml, leay my the 20 ml of the patient s blood, as well
as a 20 ml sample of the normal blood, for contiols or pomts of
teference Then, the tube contunmg the Inghest percentage m
the mintuies of the patients blood with that of normal blood 1s the
one contammg 18 ml with 02 ml of normal blood (90%) The
tube contammy the Tow est percentage of the patient’s blood (10%)
15 the one with 02 ml to which has been added 18 ml of normal
blood Thereby we have a aradient of these minvtures, begmnmng
with 0 per cent and mereasimg at 10 per cent imerements each,
untl the 100 per cent sample of patient’s blood 15 1eached Each
of these tubes 1s stoppered, placed m a test tube 1ack, and the
ack with all of the tubes 15 then v erted five times to mix This
simple procedue will deteet and titiate e udely the presence of
any mciease m the fibhimolvte cnzvmes should they be present
n the patient s blood Samples are shown m I1gure 102

Coagulation will occur m all of the nme tubes contammg these
mituies, as well as m the two additional contiol tubes, 1f no lytic
activity 1s present m the patient’s blood If lytic activity 1s present,
the end pomt 15 taken to be that tube 1 which no lysis of the
clot 1s evident at the end of the thnty-mimute mcubation time
Some of those m which clotting occwis will lyse before the end
of thnty mmutes One o1 two tubes contaming 10 per cent or
20 per cent less of the patient’s blood m then mixtuies, may lyse
between thn ty and sixty munutes o1 longer Howeve, the thrty-
mmute lysis time seems to be practical enough for clmical pur-
poses, consideimg the wgent need for a prompt answel

Lysis of the fibimogen m these blood nustuies may occur befor,e
they coagulate when the titer of these enzymes m the patients
blood 1s extiemely high Then 1t becomes desnable to 1epeat the
titiation at 1anges of 1 per cent to 10 per cent to establish an end
pomt When blood fails to clot in the 10 per cent to 90 pel cent
range of the usual fibimolvtic concentration, one should suspect
the presence of unneutialized hepaim, 1t 1s for this 1eason that
we have usually set up the protamine titiation and the one for
detection of fibimolytic activity at the same time to obtam a
prompt answe, if one 1s obtamable

d The platelet count should be determmed fiom a diop of
blood obtamed fiom the lobe of the ea1 o1 the finger pad 1ather
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ing room generally several hours less storage at 37°C 1s required
How important this may be is not fully known

The effect of these two differences 1n time and temperature
upon the presenation of platelet concentration and presumably
also therr coagulant effectiveness s not well established It s
known however that unless blood is drawn and administered with
outdelay the longer the unit of blood in a plastic bag 1s allowed to
stand at 87°C before admimistration the more rapid 1s the deterio-
ration of the platelets it contains Conversely when such blood 15
promptly refrigerated their rate of disappearance 1s slower It
seems doubtful to mo that a final decision as to the ments of one
of these methods over the other can be established at this time
My discussions with some of those present in this audience dis
close that both practices are n use and that the successes and
troubles clinically seem to be about equal.

SUMMARY

1 It is pomnted out that coagulation is probably a dynamic
process which normally functions continuously in a homeostatic
fashion This function appears to be essentl to the prevention
of abnormal bleeding at one end of its homeostatic spectrum and
the avoidance of pathologic ntravascular coagulation at the other
cxtreme

2 The use of any type of extracorporeal circulation, pump and
ony genator favors coagulation as well as the tendency toward
thrombocytopenia The more extensive the extracorporeal circuit
and the more mechanical difficulties 1t imposes the greater 1s the
tendency for coagulation within the circut, as well as within the
circulation of the patient. Similarly the longer the circut is in
usc the more extensiy e these changes will be

3 Many but not all of these changes i coagulation can be
prevented by rendenng the blood incoagulable with heparn dur
g the period the eircwt 15 open The tendency towards throm
bocy topenia 1s lessened but not abolshed by anticoagulation wath
hepann Fibnnogen concentration tends to remarn stable as does
the activity of prothrombin f sufficient heparin 1s adminstered
prior to the use of the extracorporeal circulation and 1s continued

throuthout its operation but the platelets drop sharphy if inade-
quite quntities of heparin are used
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tmg status of the patient withm a hmited manner for twelve to
twentv-fomr howrs alter bleeding ceases and, thereby, may fore-
warn an mpendmg recutrence These methods may also be used
to study patients after the extiacorporeal eircust 1s closed and the
heparm effect has scemingly heen neutrahized, m order to evaluate
the possibilities for the onset of latent bleeding

There are other changes that ocewm fiom extracorporeal circula-
tion of the blood than those affectmg coagulation and, indeed,
even additional changes m the clotting mechanism which have not
been meluded m this discussion because specific therapy for them
does not exist at this time Some degice of hemolysis follows the
use of any extracorporcal ciicurt, pumps and oxygenators, as we
heaid mentioned vesterday Theic 1s good reason to believe that
at least two factors contiibute to hemolysis under these circum-
stances, assuming tvpmg and cross-matching of the samples of the
donois” bloods disclose no mcompatibihty and that the blood
and equipment aie fiee fiom bacterial contamnants and pyrogens
These factois are the extent to which the chaiacteristics of the sys-
tem employed favor cellula1 breakdown and coagulation A second
one 1s the age and conditions under which blood 1s PIGSCI'Ved
until 1t 15 used A pooily designed pump, oxygenator o1 extra-
corporeal circurt meieases the extent of hemolyss, the better the
design of these components of the circuit, the less will be the
hemolysis that does occm The age of the donor’s blood affects
the fragility of the 1ed cells, as well as that of the platelets they
contamn Age mcieases exponentially the rate of hemolysis under
standard conditions 1n relation to temperature, the sooner 2 umt
of blood 1s 1efuigerated (2°C to 6°C), the longer 1t will mamtain
1ts near-normal tolerance for the msults which result m hemolysis
This fact creates a dilemma which 1s not easily 1esolved m the
use of blood for extracoipoieal circulation If one does not draw
the blood from his donors until the mornmg of swgery and
thereby avoids 1efiigeration, he generally will allow his samples
of blood to remam longer at 837°C than when blood 1s drawn and
1ef11gerated the mght before There are unavoidable delays en-
countered 1n scheduling donors for phlebotomy early 1n the morn-
ing When the donors are bled late n the evening of the day beior:l3
surgery and all units are immediately placed under refrigera lot—
antl two hours prior to warming for immediate use 1n the opera
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ing room generally several hours less storage at 87°C is required
How important this may be is not fully known

The effect of these two differences mn tune and temperature
upon the preservation of platelet concentration and presumably
also their congulant effectiveness is not well established Tt 1s
known however that unless blood is drawn and admmstered with
outdelay the longer the umt of blood 1n a plastic bag is allowed to
stand at 37°C before admimistration the more rapid 1s the deterio-
ration of the platelets it contains Conversely when such blood is
promptly refngerated thelr rate of disappearance 1s slower It
seems doubtful to me that a final decision as to the merts of one
of these methods over the other can be established at this tme
My discussions with some of those present m this audience dis
close that both practices are in use and that the successes and
troubles climcally seem to be about equal.

SUMMARY

1 1t 1s pointed out that coagulation is probably a dynamc
process which normally functions continuously 1n a homeostatic
fashion. This function appears to be essential to the prevention
of abnormal bleedmg at one end of its homeostatic spectrum and
the avoidance of pathologic intravascular coagulation at the other
extreme

2 The use of any type of extracorporeal circulation, pump and
orvgenator favors coagulation as well as the tendency toward
thrombocytopenia The more extensive the extracorporeal circuit
and the more mechanical difficulties it imposes the greater 1s the
tendency for coagulation within the circuit, as well as within the
crculation of the patent. Sumlarly the longer the ircuit i3 in
use the more extensive these changes will be

3 Many but not all of these changes 1 coagulation can be
prevented by rendering the blood incoagulable with hepann dur
g the period the circut 15 open The tendency towards throm
bocvtopenia 1s lessened but not abolished by anticoagulation with
lieparin Fibrinogen concentration tends to remain stable as does
the achivity of prothrombin 1f suffictent heparin is admunistered
prior to the use of the extricorporeal circulation and is continued
throughout its operation but the platelets drop sharphy 1f inade
Jute quantities of he parin are used
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4. The neutiahzation of mtiavenous hepann by the admmstra-
tion of a milhgiam for milhigiam dose of mtiavenously njected
protamme sulfate 15 sufficient, except when thrombocytopema de-
velops Then 125 to 150 mg of protamine sulfate may be neces-
sa1y to overcome cach milligram of hepaim 1ecently admimstered,
due to the capacity of platelets to neutiahize heparm Thus, the
moie extensive the thiomboceytopenia, the greater 1s the quantity
of protamme 1equued to bid hepaim, for 1t must neutrahze that
poition of hepaim which was previously held nactive by the cir-
culating platelets prior to then depletion However, the dosage of
protamme should not exceed 30 mg per kilo of body weight un-
less massive dosages of hepaim have been used As protamine 18
destioved m vivo moie 1apidly than hepaim, a second dosage of
protamme equal to about half the mitial one may be 1equired one
to thiee hous later to prevent 1ecunience of bleeding

5 The accelerated rate of fibim and fibrinogen destruction may
be encountered mn the use of an extiacorporeal cucuit Its stimulus
1s thought to be madequate hepaimization, permitting the forma-
tion of mmute mtiavascular clots thioughout the capillary circu-
latory bed, mncluding the lung, livei, kidney and bram as demon-
strated experimentally This 1esults in the pairtial or total depletion
of fibrmogen, prothrombm, and platelets, and an mcrease 1 fibrin-
olytic titers which may 1each suflicient levels to destroy for several
howrs while new fibimogen 1s bemg formed Treatment of this
condition 1s the transfusion of 6 to 12 grams of mnt avenously ad-
mmustered fibimogen, the futility of blood transfusions m this re-
spect, other than to sustain blood volume, 1s discussed

6 Simple laboiatory proceduies useful for the detection of -
adequate neutialization of hepaim, the depletion of fibrmogen and
the existence of excessive titers of fibrinolysin aie descuibed Their
routine use after operation 1s encouraged as an aid for the prescrip-
tion of treatment, as well as indicators of the potentJals of 1m-
pendmg hemorrhage m patients m whom extiacorpoieal circula-
tion has been employed

7 The choice of time most suitable to the bleedmg of donors
n 1elation to that of the operation 1s discussed The time and tem-
perature factors affect the fragility of the donor’s red cells, as well
as the mtact survival of his platelets
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ADDENDUM

Because many have mquired about the disposition of units of
hepanmzed blood should the patients condition during surgery
prove to be moperable the followng procedures may be helpful in
the salvage of these umts of blood provided each umt 1s proven
to be bactenalogically sterle or that it can be administered under
appropniate circumstances within 12 hours to another patient As
soon as the fact is established that the transfusions waill not be
used 1 the by pass procedure these umts should be refrigerated
immeduately to retard bacterial growth should contammation have
occurred The duration of incubation of each of these umts at tem
peratures above 20°C should be noted and recorded If the storage
at “room temperature” or higher (35° to 41 C) exceeds three hours
none of these umits should be reused without first determumng
that each is bactenologically sterile by culture methods If the
storage time at these elevated temperatures has been less than
three hours and the umts thereafter refngerated promptly 1t 1s
usually safe to administer them to other patients within the next
twelve hours If they are not called for within this penod, each
should be cultured and the data known prior to their release

Although these units of blood ate heparmized and contain 5%
dextrose it 15 generally good practice to add the usual quaniity of
sodium citrate anticoagulant solution emploved for the collection
of blood for ordinary transfusion purposes If glucose 1s not used
originally then ACD solution rather than citrate should be added
This is done by the msertion of a needle through the closed con
tawner after cleansing the surface about the proposed point of en
trance with an antseptic solution preferably tincture of 1odme
or by flaming f practical Attached by “Luer lok™ to the 20-22
gauge needle is a 50-ml svringe containing 50 ml. of 8 2% sodium
Gtrate solution After this solution is introduced and with the
needle and syringe left in place gentle shaking of the umt 1s done

to obtam mixing Then 10 ml of the blood is aspirated mto the
same svringe and the needle withdrawn from the container The
sample of aspirated blood 1s cultured The exprration date should
be considerabls less than 21 davs preferably Iess than 7 davs

No attept should be made to neutrilize the hepann in citro
by the direct administration of protamine sulfate to the wnit of
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blood. Should the patient 1eceive these transfusions durng the
comse of an operative proceduie o1 for replacement of blood loss
fiom any nonopeiative blecding state, then milligram-for-milhigram
protamme neutiahzation of heparm may he admmistered through
another mtiavenous sct dunmg the course of transfusion with these
umts of blood However, unless these transfusions are given rapidly
and m laage numbers (4 o1 moie), protamme neutralization 1s sel-
dom mdicated
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PROBLEMS IN COAGULATION*

By
Herserr A Praxing, Jonn J Ossorw, and FraNx GERBODE

TB}: EFFECT of pump-oxygenators on the blood has commanded
high mterest from the first, mnasmuch as this 1s the part of the
patient that comes nto direct contact with the artificial external
arculaton  The use of clean non wettable surfaces and the
avoidance of unnecessary turbulence and trauma to the blood
has made 1t possible to prevent clotung in the machme with
prediciable and reasonably low levels of hepann However a
postoperative hemorrhagic syndrome was a major obstacle to the
successful use of pump-oxvgenators by early workers in this field
and apparently 1s stll a problem to many of the newcomers

We have been studying the effects of extracorporeal circulation
on the blood mtensively for more than two years A number of
different types of both bubble and film oxygenators have been
used. Although abnormal postoperative bleeding was seen in only
a few instances ot the beginning of this penod we have been able
to demonstrate several mechamsms by which a hemorrhagic
diathesis may occur

It is natural to assume that hepann is responsible for the
hemorthagic tendency in view of the obvious fact that oozing
from an operative site may occur in a heparinized patient because
clotting is prevented in vessels which have not been adequately
closed by suture However the pnmary mechanism by which
bleeding from small vessels 15 arrested 1s the formation of a platelet
plug a process which 1s less likely to be inhibited by heparin
and 1t 1s remarkable how dry o field adequate hemostatasis can
secure in a fully heparmized patient \Moreover after the by pass

Supported ba 4 Umited States Public Tl alth Serice Grant.
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1s over, the clot-mhibiting effect of hepaim should be completely
climmated by a proper dose of protamme We are not afraid of too
much hepaim, there 1s no evidence that a large dose of heparmn
will 1esult m any moie bleeding than an adequate amount Too
small a dose will defimitely cause tiouble There 1s a marked differ-
ence mn the requuement for hepaim, depending on the mdividual
patient and the surfaces to which blood 1s exposed We have seen
uneapected clottmg m one case m which a by-pass around an
aortic anewrysm was peifoimed thiough a pump and a relatwvely
short length of polyvinyl tubing for forty-five mimnutes The pa-
tient had Dbeen given 1 mgm of hepaim per kilogram, a dose
usually considered adequate for this procedure When the by-pass
was taken apait the lJumen of the tubing was found to be markedly
narrowed by a thick fibun deposit on the wall At piesent we are
using a heparm dose of 3 mgm per kilogram fo all of our
by-passes

Despite what has just been said about not bemg afraid of excess
hepaim, 1t 1s still wise to neutialize the remaming hepaumn at the
conclusion of the by-pass It 1s much easier to stop the oozing of
blood fiom masions m high pressuie aiteries and the heart if the
clotting time 1s 1estored to normal There 15 an advantage, how-
evel, to delaymg admmistiation of protamme for a short while,
because the mecreased oozing that occurs m the presence of
hepann forces the surgeons to achieve more meticulous hemo-
stasis

The most commonly used method of calculating the dose of
protamine seems to be to give the same dose as had been em-
ployed fo1 the heparm, and if the clotting time 1s still prolonged,
to give a little more We have had a considerable amount of
experience with a simplified protamime titiation test which cal-
culates fo1 us the mmimum requned dose of protamine * Table I
shows that when protamine was administeied m accordance with
this techmque, subsequent titiations almost never showed a need
for additional protamme, and then only very mymmal amounts
It should be made clear that m calculating the dose of protamin€
jequired 1t 1s necessary to assume that the protamme will be
diffused m a volume of 100 ml per kilogram of body weight
This 1s higher than the cnculating blood volume and suggests
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TABLE 1

PROTAMINE TITRATIONS

Experiments are listed in the order performed During the last four by passes
the patlent was gicen g heparin doso of 3 mgm per hilo All prior operations were
with 2 dose of 2.5 mgm per kilo
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that heparin and protamine diffuse to some extent mto extra
vascular spaces

We give protamine n a single injection admnistered over a
period of three to ten minutes Our requirement for protamne
as measured by the tiration techmque appears to have steadily
ncreased during the past two vears On several occasions du.rlng
the early part of this period we caused abnormal prolongation
of the clotting time of a dog by protamuine excess while giving
the same dose as had been used for heparin More recently we
find that our requirement 1s approxmmately 1.2 mgm of protamine
for cuch mgm of heparin administered to the patient We explain
our mcreasing requirement for protamine by assuming that im
provement m the surfaces of our external arculation and better
avordaned of trauma results in less actisation of clotting factors
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and thus less neutialization of hepaim This 1emams to be proved

We have been puzzled by the 1epots of heparmn rebound. We
have never seen 1t Table I 1eveals no mstance of 1eappearance of
hepaim after 1t had been neutialized The data are remforced by
many moie opelations not mcluded in the table We have at-
tempted to see 1f heparmn 1ebound could be produced by usmng
the maximally safe as well as the mumumum necessary doses of
protamme It made no difference We have never found the clot-
tmg time prolonged agam after 1t had once been returned to
noimal We aie aware of no possible way to explam the phe-
nomenon of hepaim iebound, if 1t does exist

From what has just been said, 1t 1s obvious that excessive post-
operative bleedmg could occur with erther too little or too much
protamme There 1s a wide 1ange of safety between these two
extremes, however, and with the availability of protamme titation
techmques theie 15 no excuse for bleeding for these 1easons The
plotamine titration has the added advantage that 1t can be used
to determine the need for additional hepaim duing a prolonged
by-pass It can also mdicate if the clotting time 1s prolonged for
reasons unrelated to hepaim o1 protamine

The next question 1s whether alterations m the patient’s Dlood
coagulation factors can explam abnormal bleeding after the
by-pass Several years ago Osborn? showed that some of the extra-
corporeal circulations then employed expenimentally would 1€
move fibrmogen fiom blood to a degiee that might result 1
hemorrhage Clot lysis also was noted The exact mechanism
mvolved 1s not clea1 It may have been due to activation of coagu-
lation, particulaily if madequate amounts of heparm were pres-
ent, or to dnect denatuiation by trauma

Our present series of investigations, however, with a number
of different pump-oxygenators on both dogs and humans, shows
a neghgible loss of fibrmogen (Figuie 103) Similar 1esults have
heen reported by others It seems appaient that with present tech-
niques loss of fibrmogen due to the machines need be given Inttle
consideration Nevertheless, there 1s still the possﬂ)lhty of activa-
tion of the fibrinolytic system which occuis occasionally and unpr¢-
dictably with certam types of major surgery, possibly due to
epmephrme secretion We have had two experiences which,
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EFFECT OF BY-PASS ON FIBRINOGEN
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Fio 103 Effect of By pass on Fibnnogen Each point on the chart represents
the results obtained during a single by-pass, its honzontal displacement
representing the level before by pass 1ts vertical displacement the level after
by pass The 45 angle lme 13 the Ime on which all points would fall if there
were no change in the fibnnogen level during by pass

though harmless have made us keep this possibility 1n mind The
first was when a blood sample taken for cross matching purposes
on one of our patients was found hquid after 8 hours in the
refrigerator The child had had an extreme emotional reaction to
the yenepuncture A subsequent sample clotted normally The
second episode occurred when a protamine titration done at the
begmning of a by pass failed to show a clot. Repeated c]otting
tests at later mtervals on that day were normal. The ﬁbnnogcn
levels rose gradually to normal from a low of 96 mgm% before the
by pass (Table II) This patient showed no unusual bleeding In
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both these cases, then, the fibimolysis was tiansitory and asymp-
tomatic Clmically sigmficant fibinolysis has not been seen, but
1emains a possibility

Plasma coagulation factois other than fibrmogen are more
difficult to assay None of the available techmiques can detect
small vailations with accuacy It 1s not yet clear how much these
tests aie altered m a patient who has been heparmized and then
given an excess of piotamme We have not done a sufficient
number of these tests to feel dogmatic, but scattered tests of the
prothiombm time and prothiombin consumption on patients who
have recerved the mmimum necessary dose of protamimne have
1evealed 1esults 1 a completely safe range Personal communica-
tions from several other souices confirm these results, but we plan
to mvestigate this aspect of the problem moie thoroughly

TABLE 11
FinrixoceEN LEVELS 1N PATIENT wIiTnH TEVPORARY DEFECT
Time Fibrinogen mgm per 100 ml
12 45 pm (start of by-pass) 26
1 15 pm (end of by-pass) 171
2 2B pm 252
4 05pm 316

Changes 1n the blood platelet count during by-pass have beeri
extensively studied and are being 1eported 1n detail elsewhere
There 1s a considerable vanation from case to case due to the
multiplicity of factois affecting the platelet count However, the
general tiend 1s for a marked drop 1n the platelet count, avel aging
approximately 50% Since platelets are notoriously sensitive to
trauma and to various surfaces we had hoped that they might
provide a sensitive index of the relative degree of harmfulness o
different pump-oxygenators We were somewhat dlsappomted,
however, to find no difference mn the degree of platelet change
between bubble and film oxygenators As we examme our figures
in regard to platelet loss over the last 2 years we find that 10
general we aie losmg just as many platelets as we did 2 years
ggo However, m the early months of this mvestigation several
experiments did occur in which the platelet count dropped below
60,000 per cu mm , 1n other words, to levels that could result In
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& hemorrhagic syndrome These low platelet lev els were associated
with postoperative cozing from the wound and bleeding mto the
gastromtestinal tract Such low counts at the end of the by pass
bave not been seen in the past 2 years though 1t 15 not rare for
the platelet count to drop to 100000 per cu mm It usually re-
turns quickly to safer levels after the extracorporeal circulation
has been discontmued
The extremely low platelet counts of these few early expernments
were due we believe to pyrogens or other foreign matter on the
surface of our pump-oxygenator We were not then insisting upon
the meticulous degree of cleanlmess that 1s necessary for these pro
cedures The effect of pyrogens was brought home to us by a
senes of experiments m which a very severe drop m the white
blood cell and platelet count occurred before by pass The fault
was traced to a dirty blood pressure recording catheter
As stated above our extracorporeal circulations have not de
pressed the platelet counts to levels usually associated with bleed
ing m the last two vears nonetheless we stll have not been able
to conclude that platelets can be 1gnored as a possible cause of a
hemorrhagic tendency Close inspection of our figures shows that
in a number of cases the counts remamed below control levels
for several days suggesting the possibility that the body s reserve
of platelets may have been depleted This 15 borne out by one
case in which a postoperative hemorrhage required an additional
transfusion of 4 000 ml of blood The platelet count, which had
risen to normal with some delay after the by pass fell to very low
levels for a number of days (Table ITI) Moreover frequent chechs
of the platelet counts during by pass mdicate that although the
greatest loss occurs i the first 5 minutes the fall continues at a
much slower rate throughout the procedure These facts suggest
that thrombocytopenia mught become of clinical importance fol
lowing by passes of much longer duration The one long by pass
we have performed (which lasted 4 hours) still left 90 000 platelets
m the blood at the end of that time These may well have been
largcly donor platelets with 2 vern short survival ime but the
patient cxprred at that pomt preventing further follow up
In summan we behieve that 3 postoperitn e bleeding ssndrome
can he produced by at least three different mechanisms (1) msuf
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both these cases, then, the fibimolysis was tiansitory and asymp-
tomatic Clmically significant fibrmolysis has not been seen, but
1emains a possibility

Plasma coagulation factors other than fibrinogen are more
difficult to assay None of the available techniques can detect
small vaiiations with accuiacy It 1s not yet clear how much these
tests are altered 1 a patient who has been heparimized and then
given an excess of protamme We have not done a sufficient
number of these tests to feel dogmatic, but scattered tests of the
prothiombin time and prothiombm consumption on patients who
have received the mmmmum necessary dose of protamimne have
revealed 1esults mn a completely safe 1ange Personal communica-
tions from seveial other sources confirm these results, but we plan
to mvestigate this aspect of the problem more thoroughly

TABLE II
TisnivogeN LEVELS 1% PaTient with TEVPORARY DEFECT
Time Fibrinogen mgm  per 100 ml
12 45 p m (start of by -pass) 26
1 15 pm (end of by-pass) 171
2 25pm 252
4 05pm 816

Changes 1n the blood platelet count durmg by-pass have beeI:
extensively studied and are bemg reported m detail elsewhere
There 15 a considerable variation fiom case to case due to the
multiplicity of factors affecting the platelet count However, the
general trend 1s for a maiked drop 1n the platelet count, averaging
approximately 507 Simce platelets are notoriously sensitive to
trauma and to various surfaces we had hoped that they might
provide a sensitive mdex of the relative degree of harmfulness 0
different pump-oxygenators We weie somewhat dlsappomted,
however, to find no difference 1n the degree of platelet change
between bubble and film oxygenators As we examme our figures
in regard to platelet loss over the last 2 years we find that m
general we are losing just as many platelets as we did 2 yCﬂT;
ago However, mn the earlv months of this immvestigation scvcm'
experiments did occur in which the platelet count dropped helow
60,000 per cu mm , In other words, to levels that could result 1n



DISCUSSIONS ON BLOOD CHANCES IN
EXTRACORPOREAL CIRCULATION

DR IVAN W BROWN JR Durham We hasc becn intcrested
for samo time in the effeets of extracorporeal cirenltion on the edliu
lar elements of the bload 1 wonld fike to confine my renarhs to the
effects on red blood cells that we have obsen ed in some of our studies

We have studied the cffects of the DeWall bubble oxvgenitor and
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TABLE III
PLATELET CnanNces witn Byrass PLus MurLtirLE TRANSE USIONS

Time Platelet Count
Before surgery 185,000
Before by-pass 173,000
End of by-pass 93,000
1 hr after by-pass 88,000
3 hrs 225,000

8 units of blood given
1 day 63,000
2 days 48,000
8 days 55,000
5 days 140,000
7 days 238000

ficient o1 excessive protamine, (1) thrombocytopenia (especially
fiom madequately cleaned equipment), or (1) fibrinolysis related
to the surgical proceduie 1tself The corollary of this 1s that if a
patient continues to lose an abnormal and dangerous amount of
blood from the chest drans, but has a normal clotting time with
a good firm clot and has an adequate platelet count, he should
be re-explored with the expectation of finding a bleeding vessel
which needs ligation
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loss 1n operations with an artificial heart-lung machme To be
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TABLE III
PrLATELET CHANGES WITH BYPass Prus MuLTirLE TRANSFUSIONS

Tume Platelet Count
Belore surgery 185,000
Before by-pass 178,000
End of by-pass 93,000
1 hr after by-pass 88,000
8 hrs 225,000

8 units of blood given
1 day 63,000
2 days 48,000
8 days 55,000
5 days 140,000
7 days 238,000

fictent or excessive protamine, (11) thrombocytopenia (especially
from madequately cleaned equipment), or (1) fibrinolys:s related
to the suigical procedure itself The corollary of this 1s that if a
patient contmues to lose an abnormal and dangerous amount of
blood from the chest drams, but has a normal clotting time with
a good firm clot and has an adequate platelet count, he should
be re-explored with the expectation of finding a bleeding vessel
which needs ligation
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lar elements of the blood. 1 would like to confine my remarks to the
effects on red blood cells that we have observed 1n some of our studies

We haye studied the effects of the DeWall bubble oxygenator and
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our own plastic bag oxygenator on 1 vwo red cell survival In add-
tion, as Dr Sealy indicated this mormmng, our patients are operated
upon with a combmation of hypothermia and extracorporeal circula-
tion Figure 104 illustrates our blood heat exchanger with which we are
conducting studies at the present time This simple device 1s nserted
n the inflow hne to the patient The blood leaving the top of the ex-
changer stays within 03°F of the crculating heat exchanger fud
The temperature of the latter can be regulated precisely up or down
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Ficure 105 (Brown)

permitting absolute control of the blood inflow temperature and thus
also the patient’s temperature

The data in Figure 105 are representative of a large number of 1n 0100
red cell survival studies carried out during the first twelve postopera-
tive days on patients following open cardiotomy under extracorpored
circulation and hypothermia The solid hne 1s the normal expected red
call decay curve with time The X’s represent survival as determmed
by Cr* tagging Note that these latter points fall close to the slope of
the normal survival curve

This has been the case mn all our studies for the first ten to fourteen
days postoperah\mﬂy whether the DeWall bubble ovygenator or our
own plastic bag filming osvgenator was used The survival was normal
during this mterval whether we tagged the patient’s own red cells, the

donor red cells or both
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However when we followed the donor red cell survival over longer
perlods, we found that after an intenal of tuelve to twenty days of
normal survival, these cells would occastonally disappear or rapidly
drop along a sigmoid slope Figure 108 represents such drops of donor
red cells i normal compatible recipients after recirculating through
the pump ovygenator and patent s circulation (A — 24 min) ( ~21/2
hrs ) At first it was diffeult to account for these sudden late drops in
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Ficure 108 (Brown)

red cells but we have recently been able to show that they are due to
ontibodies provoked in these recipients by the lesser antigenic blood
wroups Additional survival stndies mide with tagged red cells which
had merely recireulated through the pump osvgenatar for varving
intenvals then divided into aliquots and transfused back into the origf
"]nl donor and a number of normal compatible recipients also show
this same phenomenon but neser in the original donor The number of
compatible recipients developmg, antibodies after an interval with
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rapid disappearance of the remaining cells 1s a significantly high per-
centage and raises the question as to whether the pump oxygenator
crrcutt might m some way render the lesser blood group antigens of
these cells more antigenic than found i ordinary transfused red cells

DR CHARLES K KIRBY, Philadelpa Dr. Harold Wurzel and
his associates of our coagulation group, and Dr Robert Norris, head
of our Blood Bank have thought that 1t 1s relatively safe to draw the
heparmized blood the might before the operation They found that the
platelet count might fall to 100,000 or even 60,000 when checked pre-
operatively the following morming. At present, this thrombocytopema
15 thought to be caused by heparin Since these platelet levels have
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becn in the range associated at imes with clinfeal bleeding, we have

all been concerned about the possibility of an increased hemorrhagic
tendency

First shde, plense, Figure 107

This is a composte chart showing the platelet response of three
patients Hepannization prior to insertion of the caval and arterial
cannalae did not alter the patient s platelet count very much. You will
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1 |

1 T |
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Ficure 108

note that within a short ime after going on by pass howesver the plate
let count of the patient fell to the approdmate level of the heparinized
blood drawn 12 or more hours carlier This low level persisted during
the perfusion but fortunatel the blood loss of these patients after

operitfon was not unusual, there was no apparent bleeding tendency
wnd recoveny was une entful.

Second slide please Figure 108
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This 15 an i vitro study of the effect of the usual heparm dosage
(18 mgm per 500 cc blood) m sin donois as 1elated to time The mean
of the platelet counts and the range aie shown In these mstances, the
deciease m platelets was rather stitking withm thirty mmutes and
within an how had fallen well down towards the levels wlich were
noted after 12 hows, as I previously mentioned The mechamsm and
the possible chncal sigmficance of this thiombocytopenia are bemg
carefully studied

DR. ANDREW G MORROW, National Heait Institute I would
like to know what evidence we have about the advisability of bleeding
ouw donois the mght before operation, o1 whether 1t 1s necessary to
bleed them just before perfusion 1s canied out

DR LLOYD NYHUS, Seattle Durng the past twenty-four hours
we have heard considerable reference to sudden death following the
use of extiacorporeal circulation Not all of the etiologic mechanisms
for these tragedies are known Varlous symptoms and signs have been
presented here as a pait of the syndiome—cyanosis, mottlng of the
skin, hypotension and coma Oxygen ntoxication and various other
mechamsms have been discussed as being the causative mechanism

I should hke to suggest a rather different approach which may o1
may not bear fiut Dunng a seiles of experuments, utihzing a pump
ovygenator for perfusion of 1solated organs, prmanly hvel, we have
been stiuck by the 1esponse of the liver to this perfusion Seveie edema
of the liver has resulted from this peifusion, the etiology of which has
been difficult to explamn It has been suggested that the breakdown of
infused white blood cells may release an excessive amount of histamine
mto the system Many of the 1esponses presented as a part of the
sudden death syndrome could be envisioned as pait of a gclleﬂ]
histamme-hike response

Another chemical which must be considered 1s 5-hydrozy-trypanunc
or Serotonm Platelets are known to be rich m this maternal and the
breakdown of donor and of reapient platelets by the pnmp-O\)’gC'N“’r
system, with release of evcessive quantities of Serotonmn could prC*\('“t
a chimeal prcture of skin motthng, cvanosis, etc

DR EDWARD S IINMAN, New Orleans A couple of years agoan

wee r and
aying with ovvgenators we noted a relationship between foammg "
i +

p!

clotting that appeared with long runs or when too Iittle heparm W
used This can be reproducad mtest tubes In these shides (not repro
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duced—Ed) there are two test tubes containing Silicone Antifoam A
the one on the nght contans heparin and the one on the left does not
Timing started with the vempuncture An otygen stream flows
through identical No 20 spinal needles nto the tube contaming hep
arinized blood and another is bubbled through unhicparinized blood
You will note in forty seven seconds that there is more foam in the
tube of blood containing no heparin In sty one seconds the differ
ence 15 greater at onc minute forty six seconds even greater and at
two minutes forty six scconds the left tube is about to overflow with the
non heparinized blood In three minutes and nine seconds the foam n
this tube starts to ov erflow and at fiv e minutes there 1s considerable over
flow A third tube of this same blood clotted at five mmutes when not
agiated and non hepannized. Excessive foaming in the course of the
use of a pump oxygenator suggests that anticongulation and heparin
may be inadequate and that clotting or defibnnation is taking place

(Notr. The action of beparin on surfece tension i well known and tho obscrva-
tons by Dr 1lymsn that excessh o foaming should forew vm of imponding coagula
tlon 11 a good ene Some of the commonly used detergents have an anticoagulant
achon. —Ed.)

DR. HENRY SWAN IT Denver Colo We have been using a fixed
screen 0 genation system with the DeBakhey pump Aly colleague has
been testing the clotting svstem by menns of a clotting machmo which
deseribes a vascular clotting mechanism It 1s a coagulogram It is
based on the principle which Dr Simeone worked out and was ongi
nally desenibed by Dr Cannon. Tio fingers constantly open and close
with a drop of blood between them The response will depend on the
formation of the clot. This 15 photogmphed electromcally

At the top of Figure 109 15 a normal coagulogram Here is the clotting
time for the clot formation and shows the shape of the curve with the
normal formation of the clot The line remamns straight for almost a
five hour period After anesthesia the clot is normal and the clotting
time is essentially normal, but the two lines approach cach other at
this end, showing vent slight fibrnation 1s time goes by The englobulin
Iveis time is shown where the irrows arc In line C there 1s no
clotting at all This 15 the response of the heparinized patient No clot
formation 15 present. Following pcrfusion one sees n increase in the
time when no elot 1 formed There 1s increased anti-coagulant The
clot s formed but the two hines wpproach cach other and so there 1s a

Tow Jovdd of fibrinolvsin Sy or aght hours iter the normal responsc
has been restored In line D ot Figure 110 15 what we have found with
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varving degrees of mechamsms in various types of ovygenators and
pumps It shows there 1s an mncreased amount of anticoagulant and an
mereased amount of fibrinization This top Ime D 1n Fignre 110 1 the
immediate post-pump situation m which you see not too much pro-
longation of the anticoagulant This 15 & most extreme plcture‘w(- TN
seen of fibrinolysis under any arcumstances at all In hine E the pa-
tent Tooks as 1f he had hecn heparinized, more protamme was given
and finally about four hours latar m line G we see a most .}I)n”r“hll
disturbance This patient had o sevare blccdimg tendeney [his can
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oaccur without clinical evidence of bleeding We have not had a patient
who has not shown disturbance of the clotting mechanism

DR DENTON A COOLEY Houston Dr \Morrow and Dr Hanlon
have raised a practical question which T belleve important since the
procurement of blood is the mmn bottleneck to our production line
Becuuse of the difficulty encountered in trving to draw blood on the
day of operation during the past four months we have procured blood
twelve to twenty four hours in advance of operation Dr Jack Abbott
performed studies on tlus blood which indicate that this is a practical
and relatively safe mcthod of providing blood for the pump At the
end of twents four hours platelet counts were 75000 to 150000 in
refrigerated heparinized blood A less significant reduction in leukocvte
count occurred in the same period No important change in the fragility
of the red cdils wus detected during the first 24 hours and theie fragil
ity after 72 hours storage was not greatly increased
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One must consider that the pH in stored blood may fall to low
levels particularly if the blood 1s not refrigerated continuously We
rewarm the blood immediately before using 1t m the pump oxygenator
to avoid this problem If we leave the blood after rewarming for an
hour or two at room temperature before starting the perfusion, we will
find that the pH may be aslowas6 9 or 65

Another p1oblem to consider 1s the possibility of bacteral contamina-
tion and growth of these bacterial agents in the blood In one of our
patients we used a pmnt of rewarmed blood, drawn 12 hours previously,
which was accidentally heavily contammated with staphylococcus It
was mncubated for two hours prior to transfusion The patient developed
a serious bacteremia which was finally controlled, and she recovered
after a stormy course This may be anothe:r 1eason for not 1ewarmmng
the blood too far i advance of operation

Smce we have been drawing blood twelve to eighteen hours before
operation, we have noted anemia appearing several days after, usually
the fourth or fifth day after perfusion This has not been accompamed
by an increase mn serum bilirubin to our knowledge, but the anema 15
more striking than that seen when freshly drawn blood 1s used n the
pump oxygenator In spite of the disadvantages which I have presented
for co]lectmg blood on the day before operation, we believe the
advantages and the convenience of this method justify continuation of
this procedure

DR SIGMUND WESOLOWSKI, Brooklyn I would like to make
a few comments on the effect of pumps on the blood The ecffect 15
essentially one of trauma We have observed n dogs, which had been
subjected to total cardiopulmonary by-pass, progressive changes m
the orgamzed elements of the blood durmg the week following by-
pass The platelet level reached a mimmmum of 30 to 50% reduction m
the first three to four postoperative days and returned to normal by
the end of the first week The leukocyte count mcreased m the absence
of mfection and remamned elevated for ten days We noted an eleva-
tion of free plasma hemoglobin that reached a maximum twelve hours
after the cessation of by-pass and a persistently clevated level durmg
the first three to five postoperative days A single injection of hcmo-
globmn 1s dJeared from dog’s plasma within a twelve-hour period <o
that these findings imply contimucd mtravascular hemolvers during the
first three to five postoperative days The findig of progressive drop
1 the hematocrit value m the face of contmucd normal blood volume

helps to confirm this view T do not thin}, therefore, that the finding of
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post perfusion anemia during the first postoperative weck need neces
sarlly prove that the collection of perfusing blood the evening before
operation constitutes improper blood collection as suggested by Dr
Cool

1 aelio feol that someone during this conference should point out that
the extracorporeal blood pumping circuit is only second best to the
one in the body Itis a traumatc thing just as surely as an incision
into the abdominal wall is traumatic. This also implies of course that
we have the responsibility to take all reasonable measures to minimize
this trauma
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One must consider that the pH i stored blood may fall to low
levels particulaily if the blood 1s not refrigerated contmuously We
rewarm the blood immecdiately before using 1t i the pump oxygenator
to avoid this problem If we leave the blood after rewarming for an
hour or two at room temperature before starting the perfusion, we will
find that the pH may be aslowas6 9 or 65

Another problem to consider 1s the possibility of bacterial contamina-
tion and growth of these bacterial agents in the blood In one of our
patients we used a pmt of rewarmed blood, drawn 12 hours previously,
which was accidentally heavily contamnated with staphylococcus It
was mcubated for two hours prior to transfusion The patient developed
a serious bacteremia which was finally controlled, and she recovered
after a stormy course This may be another reason for not rewarming
the blood too far mn advance of operation

Smce we have been drawimng blood twelve to eighteen hours before
operation, we have noted anemia appearing several days after, usually
the fourth or fifth day after perfusion This has not been accompanied
by an mcrease mn serum bilirubmn to our knowledge, but the anemma 15
more striking than that seen when freshly drawn blood 1s used 1n the
pump oxygenator In spite of the disadvantages which I have presented
for collecting blood on the day before operation, we beheve the
advantages and the convenience of this method justify continuation of
this procedure

DR SIGMUND WESOLOWSKI, Brooklyn I would Iike to make
a few comments on the effect of pumps on the blood The effect 1s
essentially one of trauma We have observed m dogs, which had been
subjected to total cardiopulmonary by-pass, progressive changes 1n
the orgamzed elements of the blood durmg the week following Dby-
pass The platelet level reached a mimmmum of 30 to 50% reduction 11
the first three to four postoperative days and returned to normal by
the end of the first week The leukocyte count mcreased 1n the absence
of infection and remained elevated for ten days We noted an eleva-
tion of free plasma hemoglobin that reached a maximum twelve hours
after the cessation of by-pass and a persistently elevated level durmg
the first three to five postoperative days A single injection of hemo-

lobin 1s cleared from dog’s plasma within a twelve-hour period s0
that these findings 1mply continued intravascular hemolysis during the
first three to five postoperative days The finding of progressive dml’.
in the hematocnt value mn the face of continued normal blood vo]um([
helps to confirm this view I do not think, therefore, that the finding 0
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post perfusion anemia duning the first postoperative week need neces
sarily prove that the collection of perfusing blood the evening before
operation constitutes improper blood collection as suggested by Dr
Cooley

T also fecl that someone during this conference should point out that
the extracorporeal blood pumping arcuit 1s only second best to the
one in the body It 1s a traumatic thing just as surely as an Incision
into the abdomunal wall 1s traumatic. This also implies of course that
we have the responsibility to take all reasonable measures to mmimize
this trauma



THE EFFECTS OF EXTRACORPOREAL
CIRCULATION ON THE BRAIN

By

RoBeRT T. PAaTRICK, M.D., JouN W, KIrRkLIN, M.D.,
and RicHArD A. THEYE, M.D.

ROPERLY conducted open mtiacaidiac smgery utiizing eatra-
coiporeal circulation has no disceinible adverse effect on the
brain Evidence will be offered n support of this belef

Consideration of the effects of extracorporeal cuculation on the
bram may be propeily begun with a 1eview of the features of
such perfusion which concervably could mfluence the bram These
features would include the volume of blood flowmg to the bram
and the constituents o1 physicochemical properties of that blood
as 1t reaches the bram

VOLUME OF BLOOD

The volume of blood normally flowing to the bran, that 1s the
cerebral blood flow, 1s about 50 cc per 100 gm of bramn tissue
per minute,” as commonly expressed, or approxunately 15 per
cent of the total blood flow Reduction of ceirebral blood flow by
as much as 35 per cent will cause symptoms 1 conscious human
bemngs ? The level to which ceiebral blood flow can be reduced
without loss of viability of the cells of the bramn 1s unknown

Blood Pressure.—It 1s well known that cerebral blood flow 15
determined laigely by the systemic artenal blood piessure and
cerebrovascular resistance Aiteiial blood piessure m mmtact man
and m man durmg extracorporeal cnculation 1s a function of total
blood flow and total peripheral 1esistance Total blood flow to the
patient 1s a contiollable featwe of evtracorporeal crculation If

The Mavo Foundation, Rochester, Nimmcsota 1 a part of the Graduate School

of the Unnersitv of Minncsota
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total blood flow is controlled and unvarying during perfuston
blood pressure depends on the state of the penpheral vascular
bed. Under conditions of perfusion m which total blood flow 15
less than normal, arterial blood pressure can be maintained at or
near normal only by compensatory vasoconstriction or by over
filling the vascular bed Under the latter circumstance the ad
vantage of normal mean blood pressure 15 partially overcome by
virtue of the fact that venous pressure increases The effective
driving force would be that of the gradient between arterial and
venous pressures During perfusion then 1t would seem desirable
to provide to the patient a total blood flow near normal cardiac
output while blood volume remams normal

Another factor of extracorporcal circulation having potential
mnfuence on cerebral blood flow is the level of venous pressure
n the vewns draining the brain Laminar flow of fluid through a
tube is proportional to the fourth power of the diameter of the
tube and myersely proportional to the length of the tube Inser
tion of a cannula of excessive length into the superior vena cava
which compromses the lumen to even a small degree can cause
marked elevation of pressure in the supenor vena cava cephalad
to the cannula with resultng decrease in the pressure gradient
across the bramn In addition corresponding merease in capillary
pressure should 1t exceed osmotic pressure of the blood wall
result in cerebral edema

Cerebrovascular Resistance —The second factor influencing
cerebral blood flow 1s the cerebrovascular resistance Given an
unvarving total blood flow and an unvarying arterial blood pres
sure cercbral blood flow will vary inversely with cerebrovascular
resistance  The cerebrovascular bed does not react strongh to
influences usually associated with reactivity in other vascular beds
There are however a few exceptions' to this statement The
cerebrovasculur bed 1s highly sensitive to variations in oxy gen
and carbon dioude tenston This 1s particularly true in the case
of a deerese in ovvgen tension or an mcrease m carbon dionide
tension Both of these wfluences markedly decreise cerebrovas
cular resistance  thereby increasing the proportion of the total
blood flow diverted to the brain Comvernsels an fncrease m
0Ny L(‘“ tension or a dt'lr(' “Be 1 ('\ll'l)on dlo\ld( tension \\1” cause
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a 11se m ceirebiovascula: 1esistance with a 1esulting reduction m
cerehial blood flow The effects of vaiiations in oxygen and carbon
dioxide tension tending to deciease flow are less pronounced than
those tendmg to mciease flow An absolute 1equnement for normal
ceiehial blood flow i the piesence of less than mnormal
total blood flow and systemic blood piessure 1s a corresponding
1eduction mn cerehovasculai 1esistance The factor which at pres-
ent 1s known to have the most profound mnfluence on ceiebio-
vasculai 1esistance 1s the tension of caibon dioxide It seems
1easonable then that the tension of caibon dioxide m the blood
1eturned to the patient by peifusion should not be materally
less than that normally found m aiterial blood

Fmally, a Iinear mciease m ceiebiovascular 1esistance has been
demonstiated with 1eduction m body tempeiatwe, a potential
effect of extiaco1poieal enculation

Time and Deficient Flow.—The element of time deserves some
thought m a consideration of the 1elationship of cerebial blood
flow and biam damage The bram can swmivive perhaps thiee o1
four minutes without blood flow Could one not assume that this
time would be extended, should some fiaction of the normal
quantity of blood be flowmng? Would 1t not seem logical then
to assume that for a given deficient ceiebral blood flow there
would be a ciuitical pomnt of time beyond which bram cells would
not 1emam viable?

QUALITY OF BLOOD

Having discussed the quantity of blood 1eachmg the biam,
our attention may pioperly be turned to the quahty of that blood

The oxvgen tension of arteiial blood of man breathing 100m
an 1s about 100 mm of mercwy It 1s generally accepted that the
oxvgen tension of blood pumped to the patient should not be less
The tension acceptable as mavimum 1s open to some question
Man bieathmmg 100 per cent ovygen at two o1 thiee times atmos-
pheric presswme mas suffer symptoms 1eferable to the cential
nervous system, or so-called ovygen touiaty ' At what ovygen
tension such tovicity might be mamifest under the rather unusual
arcumstances of whole body peifusion 1s unknown ILxposuic of
blood to a Ingh concentration of ovygen m the ovygenator at or
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near room temperature may result n a tension of oxygen greater
than atmosphenc pressure in the warmer vascular system of the
patient, by virtue of the increased solubility of oxygen in blood at
lower temperatures

The carbon diouide tension of tissue is somewhat more than
40 mm. of mercury It 15 necessary then that the carbon dioxide
tension of arterial blood lie at 40 mm of mercury or less to pro-
vide a gradient for climination

The influence of concentration of electrolvtes on the brain under
the condition of extracorporeal circulation has not been studied
The clectrolvtes as constituents of the perfusing blood are not
easily controlled inasmuch ns they are subject to the continuous
influence of the patient. There 15 evidence of a moderate degree
of metabolic acidosis duning perfusion which presumably 1s due
to an mncreased production of fixed orgamc acids Incomplete
studies of other electrolytic constituents suggest that there is no
appreciable change in their concentration

An unwelcome constituent of perfusmg blood 1s foreign ma
terial, be it bubbles fibrin clots sthcone or any other particulate
matter inadvertently introduced

Fries and his colleagues® recently have demonstrated the
disastrous effects of troduction of oxygen mto the carotid ar
teries of dogs The most pertinent features of this demonstration
were that even minute quantities of the gas slowlv mtroduced
were capable of causing delayed recoven from anesthesia
lethargy and death 1n eight to twents four hours In all of the
dogs surviving the mjection of oxvgen either gross neurologic
defects were apparent clniealls or cerebral damage was evident
on postmortem study of those dogs killed later Avoidance of the
hhzard of bubbles requires that thev be not created m the ow
genator or that they be dispersed before reaching the patient
The possibility of micro-bubble formation from supersaturation
of blood with o gen at o temperature lower than that of the
patient cannot be hghtly dismissed Justifitbly or not the cnticism
of bubble fornation has been ley dled at on genators which strewm
oxvgen through a column of blood

The hzard of fibrm particles can he decreased In wdequate
htpannization design of cannulac and tubular junctions 1 such



274 Latiacorporeal Cuculation

a 11se m ceiehiovascular 1esistance with a 1esulting 1eduction m
cerebial blood flow The effects of vaiiations in oxygen and caibon
dionide tension tendin g to deciease flow aie less pronounced than
those tending to meiease flow An absolute 1equirement for normal
cetebial blood flow in the piesence of less than normal
total blood flow and systemic blood piessuie 1s a couespondmng
1eduction m cerebrovascular 1esistance The factor which at pres-
ent 1s known to have the most profound influence on ceiebro-
vascula1 1esistance 1s the tension of caibon dioxide It seems
1easonable then that the tension of caibon dioxide in the blood
1etwmed to the patient by peifusion should not be matenally
less than that noimally found 1n aitenial blood

Fmally, a linear mciease mn cerebiovascula: resistance has been
demonstiated with i1eduction m body tempeiatwe, a potentla1
effect of extiacoiporeal cuculation ®

Time and Deficient Flow.—The element of time deseives some
thought 1 a consideiation of the 1elationship of cerebial blood
flow and biam damage The biam can suivive perhaps thiee 01
four minutes without blood flow Could one not assume that this
time would be extended, should some fiaction of the normal
quantity of blood be flowing? Would 1t not seem logical then
to assume that for a given deficient cerebial blood flow theie
would be a cuitical pomt of time beyond which biam cells would
not 1emam viable?

QUALITY OF BLOOD

Having discussed the quantity of blood i1eaching the bram,
our attention may propeily be turned to the quality of that blood

The oxygen tension of aiterial blood of man bieathing 1oom
an 1s about 100 mm of mercury It 15 generally accepted that the
oxygen tension of blood pumped to the patient should not he less
The tension acceptable as maxvimum 1s open to some question
Man breathing 100 per cent oxygen at two o1 thice times atmos-
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A neuropathologist has examined the tissues of the central
nervous system of those patients who have died and on whom
necropsy has been performed Review of his findings revesls that
in one patient who was hemiplegic in the several hours between
the operation and death an embolus consisting of a small bit of
Ivalon sponge was found m the brain Tlis of course cannot be
related to perfusion per se In one other patient a number of
focal infarcts were found scattered throughout the bram This
patient hived sixty hours following attempted correction of severe
wfundibular pulmonic stenosis ventricular septal defect and
common ongm of the aorta and pulmonary artery from the nght
ventricle She had been alert until 24 hours after the operation
at which time she became ncreasingly somnolent the occurrence
of a neurologic mncident at tlus time seemed likely The role of
severe hemoconcentration as a cause of the thrombosis 15 sug
gested by the preoperative examination of blood which revealed
a concentration of hemoglobin of 208 gm per 100 cc and a
hematocrit reading of 77 per cent

No specific pathologic lesions have been found in the central
nervous system of any of the remaining patients who have died
and on whom postmortem examination has been made

In a previous presentation at this symposium® a syndrome of
sudden death was described The basic pathophysiclogy of this
syndrome has not been elucidated Brain damage cannot be
implicated or elimmated as an etiologic factor The complete
absence of evidence of neurologic damage n surviving patients
and of neurologic lesions clearly due to extracorporeal circulation
in nonsurviving patients and the ehmination of the syndrome of
sudden death in the most recent series of patients suggest that

extracorporeal circulation can be accomplished without resulting
neurologic damage
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a fashion that turbulent flow 1s mmimized, and finally by the
presence of a filter in the artenal line

EVIDENCE OF INCIPIENT OR REAL BRAIN DAMAGE

Evidence of mapient or real bramn damage from extracorporeal
arculation may be found during perfusion, 1n the postoperative
peniod, and after death During perfusion the electroencephalo-
gram 1s of value m assessimg the adequacy of cerebral blood flow

A

Lol Bl ] »--Jm- e e B VR

Fic 111 Electroencephalographic patterns A 1s charactenstic of a hight state
of anesthesia with ether and 1s termed the “normal pattern ” The pattern at
B 1s seen with a reduction 1 cerebral blood flow and that at C with extreme
reduction or absence of cerebral blood flown

Charactenistic patterns are apparent at presumably normal flow
and at serioushy deficient flow? (Fig 111) We view with alarm the
appearance of an abnormal pattern Such patterns occur mfre-
quently and can usually be related to a recogmzable and cor-
rectible cause In our eaperience an adequate perfusion 1s char-
acterized by a normal electroencephalogram

In the postoperatne period one might expect to find as evidence
of bram damage extreme lethargy, coma, convulsions, mental
aberration or focal neurologic signs Such signs have not occurred
1n am sunynnving patient of the 245 patients reported on n another

paper at this meeting *



THE EFFECTS OF TOTAL CARDIOPULMONARY
BY PASS PROCEDURES UPON CEREBRAL FUNC-
TION EVALUATED BY THE ELECTRO-
ENCEPHALOGRAM AND A BLOOD
BRAIN BARRIER TEST

A Chnical and Experimental Investigation

By
PavL C Hobpces, M.D., Roperr D Seriers, M.D, Jamry L

Story, M.D., PauL H StaANLEY, M.D., FERNANDO Tonres, M D.,
and C WavrtoN Liuieser, MDD

AT THE University of Minnesota Hospitals total cardiopulmo-
nary by pass procedures have been routinely momtored n the
operating room by means of a continuously recording electroen
cephalographic tracing utlizing a portable electroencephalo-
graphic apparatus with four scalp electrodes (Figure A) This pro-
cedure along with the measurement of the systemic blood pressure
has proved to be particularly valueble as an index of the general
well bemng of the patients during their by pass intervals The elec
troencephalogram 1s generally and quite correctly regarded as an
accurate index of cerebral function and the bran in tum is a
sensitive murror of abnormalities due to hypoda acidosis and
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co-operative than the vounger age groups and provide a more
ngorous test of the perfusion methods m terms of the total quantity

of blood circulated
The second portion of this study related to the continumng 1n

ELECTROENCEPHALOGRAPHIC TRACINGS
Total body perfuston utilzng bubble oxygenator
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Fic B A tvplcal operating room encephalogram obtained with
this 4-clectrode portable apparatus Case RR  age ten veurs
undergoing o thirty minute mterval of total by pass emploving
the helin reservoir ox genator at a flow rate of 56 ce of hload
per kg body wdight for repair of the tnoventrienlaris com
munis defects

vesticational work which has provided the basis of these clinical
procedures In this phase of study we hav e sought for a more senst

tie test than provided even by the clectroencephalogram to ald
us in evaluating refinements 1n heart lung machines as well as other
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Fic A The portable electroencephalograph utilized m the operatmg room to
momtor cardiopulmonarv bv-pass procedures

other abeiiations dunng total body perfusion by an extiacor pmeal
pump-oxygenatol

With the 1efinement of total body peifusion methods, based
upon ncreased knowledge and contmumg experience, 1t has been
amply demonstiated that the function of the heait and lungs can
be temporaiily taken over by an artificial heait-lung apparatus
with the maimtenance of Life by total body peifusion, at a uni-
formly low 115k ' The bramn wave pattein 1ecorded m the operating
100m (Figure B) shows hittle change

It was deemed worthy of mterest to study further a gioup of
patients undergomg an mterval of total cardiopulmonary by-pass
for open cardiac smgery utihzing the heli reservoir pump-ovy-
genator Preoperative and agam postoperative electioencephalo-
graphlc recordings weie carried out by the moie sensitive 920-clec-
trode apparatus m a shielded 100m fice of any electrical mter-
ference

This more detailed electroencephalogic study has been caned
out m older children and adults, since these patients would be more
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cooperative than the vounger age groups and provide a more
ngorous test of the perfusion methods in terms of the total quantit

of blood cireulated
The second portion of this studs related to the continuing

ELECTROENCEPHALOGRAPHIC TRACINGS
Total body perfusion utilzing bubble oxygenator
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Fic. B A b pical operating room encephalogram obtained with
this 4-clectrode portable apparatus Case RR  age ten vears
undergoing a tharts mmute Intenal of total by pass emploving
the helix reseniolr ox genator at a flow rate of 38 cc of blood
per ke body weight for reparr of the atmoventricularis com
mums defects

vestigational work wlich has provided the basis of these clmical
procedures In this phse of study we have sought for a more sensi

te test than provided even by the electroencephalogram to aid
usin evaluating refinements 1 heart lung machines as well as other
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aspects of the physiology of perfusion Attention has been directed
prmarily to the bram smce, as mentioned, 1t appears to be the most
sensitive of the vital organs In this search for a more critical index
we have adopted a method developed by Moore® and widely used
by neuwologists and nemosmgeons m the localization of bram
pathology This technic makes use of the fact that various of the
vital dyes, which do not normally penetrate the blood bram barrer
(abbieviated henceforth as BB B ), will do so when this physio-
logic bainier has been distmbed by a wide variety of physical or
chemical dyes One of the most useful of these dyes has been
sodum fluorescin which penetiates the bram tissue from the blood
following mimimal bieakdown of the B B B and 1s easily 1dentified
by 1ts brilhant, yellow-gieen fluorescence when exposed to ultra-
violet hight Unde:r ultiaviolet light normal biam tissue has a
defimte bluish-grey hue if sodium fluorescin has been added to
the ammal’s cuculation prior to exammation The hypophyss,
choroid plexuses and aiea postrema fluoresce with a yellow-green
hue while the 1emamder of the bramn maintains 1ts normal bluish-
grey hue Fluorescence m other portions of the bram represents
aieas of bieakdown m the normal B B B Moreover, this evalua-
tion could be carried out 1n the mntact amimal or patient by use of
tagged compounds (di-1odo fluoresem or radio- 1odmated albumm)
and a suitable counter, such as originally desciibed by Moore *

METHOD OF STUDY OF THE BLOOD BRAIN BARRIER

The present mvestigation consists of a series of acute experl-
ments performed on a total of 107 mongiel dogs believed to be
m good physical condition at the time of expermmentation Each
anmmal, after an overmight fast, was premedicated with 15 mg
morphme and 06 mg atropme one hour befoie hight anesthesia
was mduced by mtiavenous admuustration of sodrum pentothal
(2%%) Thoracotomy, when utihized, was through the bed of the
nght fifth nb, and after the 1equned attention to hemostasis the
ammals weie heparmized with 2 mg heparmm/kg of body weight
A pair of venous cannulae weire mseited through the right atral
wall mto the supenior and mferior venae cavae rcspectlvelv The
cavae were occluded around these cannulae by external occlusive
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ligatures A single artenial cannula was placed in the left femoral ar
tery Inall animals in which perfusions w ere carmed out, the Sigma
motor pump® was utihzed with the exception of the Group AIII
animals in v hich the standard roller pumps supplied with the Mark
Screen Ov genator! were utihized Blood pressures when taken
were recorded on a mercury manometer connected to a cannula
placed in the opposite femoral artery Thirty minutes before termi
nation of each experiment the animal recen ed an intravenous mn
jection of 25 mg /kg of body weight of 20% sodium fluorescin At
the end of each experiment each anmmal was sacrificed by the mtra
venous administrahon of nembutal The brain was carefully
removed for study under a mercury arc lamp with a Woods filter
and then fixed n formalin for preparation of histologic sections

Donor blood used for priming of vanous oxvgenators was
freshly drawn mto siliconized bottles containing 20 mg heparin
per 500 cc

PLAN OF STUDY

Group I, Anesthesia Controls A series of five dogs weighmg
6.8-12 kg was anesthetized in the usual manner following which
each was gnen the usual dosage of sodium fluorescin and sacri
ficed thirty minutes later as described above The chest was not
opened and no cannulae were placed

Group II Sham Operation Controls A scnies of seven dogs
weighing 6 8-11 kg was subjected to anesthesia and vanous sham
procedures A thoracotomy was performed on each dog in two
ammals caval cannulae were also placed 1n one a carotid cannula
was placed and 1n two others the right carotid was higated

Group 111 Hypotension Controls A scries of five dogs weighing
711 kg was subjected to anesthesta as descnbed The femoral
artenn and vein were cannulated the former in order to measure
pressire and the latter to admimister a diluted arfonad! solution

in order to mamtamn the arterial blood pressure below 40 mm
Hg for one hour

Sigmamotor Inc 3 North Main Strect, Middleport New York

$C & K H art Lune Machin - The \ard Co 31 \\est Strect Randolph \fa y
1 Hoffman La Roche Inc
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aspects of the physiology of peifusion Attention has been directed
pumaiily to the bram since, as mentioned, 1t appeais to be the most
sensitive of the vital o1igans In this seaich for a more critical mdex
we have adopted a method developed by Moo1e? and widely used
by newologists and neurosurgeons m the localization of bram
pathology This technic makes use of the fact that various of the
vital dyes, which do not normally penetiate the blood biamn barrier
(abbieviated hencefoith as B BB ), will do so when this physio-
logic banier has been disturbed by a wide vanety of physical or
chemical dyes One of the most useful of these dyes has been
sodium fluoresein which penetiates the biam tissue from the blood
followmg mimimal bieakdown of the B B B. and 1s easily 1dentified
by 1ts bulhant, yellow-gieen fluoiescence when exposed to ultra-
violet light Under ultiaviolet ight noimal Inam tissue has a
definite bluish-giey hue 1f sodium fluoiescin has been added to
the ammmal’s cuculation prior to examination The hypophyss,
choioid plexuses and area postiema fluoresce with a yellow-gieen
hue while the 1emainder of the brain mamtains 1ts normal bluish-
giey hue Fluoiescence m other portions of the bramn 1epresents
areas of bieakdown m the noirmal B B B Moreover, this evalua-
tion could be canied out m the mtact ammal o1 patient by use of
tagged compounds (di-10do fluorescin or 1adio- 10dmated albumin)
and a suitable counter, such as ongnally descuibed by Moore *

METHOD OF STUDY OF THE BLOOD BRAIN BARRIER

The present mvestigation consists of a sertes of acute experl-
ments perfoimed on a total of 107 mongiel dogs believed to be
m good physical condition at the time of experimentation Each
ammal, after an overmight fast, was premedicated with 15 mg
morphine and 06 mg atiopmme one howr before hight anesthesia
was mduced by mmtiavenous admmistiation of sodium pentolhd]
(24%) Thoracotomv, when utilized, was through the bed of the
rnght fifth 1b, and after the 1equned attention to hemostasis the
ammals were heparmized with 2 mg hepain/kg of body weight
A pair of venous cannulae were mserted through the ng]]t 11}”31]
wall mto the supenior and mferior venae cavae respectively The

cavae were occluded around these cannulae by external occlusive
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of body welght and cannulated through femoral artery and vein
as previously described.?

Group IX, Disposable Sheet Oxygenator A series of twelhve
dogs weighmg 10-20 hg was perfused for a period of fifteen
minutes to two hours at flow rates of 35-70 c¢ /hg /min using the
disposable type sheet oxygenator * Sigmamotor pump and grav
ity venous drainage with a plastic reservoir Each oxvgenator
was primed with 1250 cc of freshly drawn heparimized blood Six
animals were cannulated in their femoral artery and in six of the
anmals the artenal cannula was placed into the nght carotid
artery

Group X, Disposable Sheet Oxygenator with Autogenous Lung
Filter A senes of five dogs weighing 96-16 kg in which the ar
tenal cannula was inserted into the nght atnum through the
azygos vem Each was perfused by the sheet oxygenator for a
period of one hour at a flow rate of 50 cc /min This experiment
used the lung as a physiologic filter

Group XI Disposable Sheet Oxygenator With Nylon Screen
Debubbler A series of thirteen dogs weighmg 11.2 188 kg was
perfused for periods of thirty mmutes to one hour at flow rates of
5060 cc /kg /min with the disposable type sheet oxygenator
containing no antifoam In these units debubbling was accom
plished by passmg the arterialized blood through a fine mesh
nylon screen

Group YXII Rotating Drum Ozxygenator A senes of thirteen
dogs welghing 102168 Ly was perfused for o period of one
hour at flow rates of 45-80 cc /hg /min with a rotating drum film
fype oxygenator *

Group \III, Screen Oxygenator A senes of cleven dogs welgh
Ing 111 205 kg was perfused for a penod of one hour at flow
mtes of 45-125 cc /hg /min on the \Mark G & K heart lung ma
chme Four of these were on the 16 screen unit seven on the 5
sereen unt

Croup \IV Helix Reservoir Oxygenator A scrics of nine dogs
weighing 78137 kg was perfused for perods of one to two

Travenol Laboratoties, \orton Grove Hlmots
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Group IV. At Embolism Controls. A series of three dogs
weighmg 635-10 kg was anesthetized and one of the carotid
arternes cxposcd m the nech A measured (uantity of air, consist-
mg of 02 ce 04 ce.and 06 ce respectively, was mjected mto
the carotid vessels This air was admimistered by measuring the
desned quantity of an m a tuberculm syringe, filling the re-
mamder of the syimge with blood aspnated from the carotid
artery  Without remon al of the needle from the vessel this miture
was raprdlv mjected mto the carotid artery The amimals were then
sacitficed thirty minutes later

Giroup V., By-pass (Pump) Controls A series of five dogs weigh-
mg 8 6-13 kg was perfused with an extracorporeal pump by-pass
without oxy genator and without filters for a period of two hours at
flow rates of 50-100 cc¢ /kg /min In four of these animals blood
was shunted from the femoral to the aullarv artery, while 1 the
ffth ammal the shunt was directlv mto the carotid

Group VI, By-pass with Excess of Anfifoam. A series of four
dogs weighing 57-13 kg was perfused with an extracorporeal
pump b -pass sy stem mn which a1esers oir contamnig an excessively
heavy coating of Dow Corning Antifoam A had been nterposed
between the afferent cannula and the pump In three of these
anmmals the shunt was from femoral to carotid artery, while 1
the fourth the shunt was into the axillary arterv These anmmals
were perfused for a period of two hours at flow rates of 65-100
cc /kg /min

Group VII, Cerebial Angiography A senes of five dogs weigh-
mg 4-8 kg was anesthetized m the usual manner following which
1 cc /kg of 70% Urokon was rapidly mjected mto the carofid
arterv These anmimals were then given sodium fluorescin and sacri-
ficed 1n the usual manner This experiment was mtended to assess
the sensitivity of the sodium fluorescin test m terms of a generally

erformed clinical study

Group VIII, Controlled Cross Circulation. A series of ten dogs
weighmng 68-12 kg was perfused a period of one hour at flow
rates of 30-100 cc /kg /min using cross circulation Donors con-
asted of a group of ten dogs weighmng 187-35 kg which were
anesthetized 1n the usual manner and given 2 mg heparm/kg
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In Group I the normal control ammals which were anesthetized
by use of sodium pentothal for a period of thirty mmutes all five
dogs were normal to fluorescence

In Group II the sham operation control amumals with anes
thesis, thoracotomy and varous cannulations sall seven brains
were negative to fluorescence

In Group ITI' in which the ammals were exposed to hypotension

TABLE I
Standarr or Resvurs

Yo Degres of Breakdown of
Study Group of Blood Brain Rarner

Doyt Neg Treee 1 2 3 4
Gromp I Anesthesia Controls 3 5 [} 0 0 0 O
Group I Sham Operstion Controls i 7 0 0 0 0 O
Croup Il Hypotension Controls 5 4 0 0o 0 o0 1
Group IV Alr Embolsm Controls 3 1 0 0 0 0 2
Group ¥V By pams Pump Control 5 4 1 06 6 0 o
Group VI By pasa with Evcem of “Antifoem 4 4 0o 0 0 0 0 4
Group VI Cerebral Angrography 5 2 0 0 o o0 8
Group YOI Cross Circulatson 10 5 8 2 0 v 0
Group IX  Duposable Sheet genatar 12 0 0 0o v 0 12
Cromp X Dmpomble Shest Oxvgenator with 5 5 0o 0 0 0
\utogenous Lung Filter
Group AT D le Sheet Oxygenator with 13 $ 1 3 ¢+ 2 0
Nslon bcreen Debubbler
Group XIT  Rotating Drum Orygenstor 13 1 6 8 3 0 0
Groop XTIT Screen (VMarl) Oxygenator 11 0 4 3 2 1 1
Group XIV  Helrx Reserv 1r Oxygenator 3 [ 2 5 0 7 0
Total 107

for one hour four dogs were without evidence of a breakdown
of the BBB and one ammal had a localized area of multiple
punctate fluorescence classified as 4-

Group IV Air Embolism Controls In the animal recewving 0.2
ce of air directly into the carotid artery the brain was negative
In the other two animals receiving 04 cc and 06 cc of air re
speetively the brains were both 4+

In Group V the five ammals 1n which the by pass shunts with
pumps were performed but without extracorporeal on genation
four dogs had brains negat e to fluorescence The ffth was graded
as trace on the basis of @ single fluorescent wrea This last animal
was perfused through an antifoam free plastic reservoir chamber
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hows at flow rates of 50-70 cc /kg /mm with the hehx reservorr
type onygenator !

Giading

The biams fiom these animals, after careful 1emoval, were
washed under tap wates, sectioned tiansversely m 4-6 planes and
the cut smifaces exammed under ultiaviolet light The total numbe
of fluo escent a1 eas on the cut smfaces were counted and the brams
gaded on the following basis

No Fluorescent Arecas Grade
0 Negative
1- 8 Trace
4- 5 14-
6-10 2+
10-15 34
16 or more 44

Any brams which showed confluent aieas of fluorescence laxger
than 2-3 mm 1n size were automatically placed m Gioup 4
In the piesent study, fluoiescence on the surface of the bram
was disiegaided, smce its sigmficance has not been elucidated

ENCEPHALOGRAPHIC STUDY OF PATIENTS
UNDERGOING CARDIAC SURGERY

Ten consecutive adults o1 older childien with caidiac lesions
1equirmg open caidiotomy have had electroencephalograms re-
corded one o1 two days preoperatively by means of a 20-electiode
apparatus m a shielded laboiatory as desciibed

Following the open heait proceduie utihzing the helix 1eservon
pump-osygenator these patients have been 1estudied as soon as
they weie essentially afebuile, fiee of any other significant comph-
cations, and could be safely moved to the EEG laboratory All
electroencephalogiams weie mterpreted by the neuologic con-
sultant staff n charge of this facility

RESULTS

Blood Bram Barrier Experimental Studies
The 1esults of these studies involving 107 dogs are summarized
n Table I and are described mdividually for the 1espective groups

as follows
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In Group I the normal control animals which were ancsthetized
by usc of sodium pentothal for a perod of thirty minutes all five
dogs were normal to fluorescence

In Group II the sham operation control animals with anes
thesia thoracotomy and various cannulatons all seven brans
were negative to fluorescence

n Group IIT 1n which the animals were exposed to hypotension

TABLF 1
Scuvanr or Restuts

\o res of Breakdown of
Study Growp of lood Draxm Rarrier

Doy Neg Trace I £ 3 4
Group I Apesthesn Controls 5 5 0 0 0 0 0
Group IT  bham Operatton ( ontrols 7 7 0 0 0 0 O
Gromp [IT  Hypotemlon Controls 5 t 0 0 0 o 1
Group IV \ir Fmbolinm Control 3 1 0 0 0 0 2
Group 3 By -pass Pump Controls 5 4 1 0 0 0 0
Croup VI B3 -pass nith Excen of “Antifoam \ 3 o 0 0 0 0 4
Group VI Cerebral \ngwography 5 R 0 0 0 o 3
Group VTII  Crow Circulation 10 5 3 2 0 0 o0
Groap I\ Dusposal le Sheet genator 12 0 0 0o 0 0 12
Group\ Duposable Sheet geoator with & 5 0 u 0 0 o

\utogenous Lang Filter
CrocpXI DI ble Sheet Ohygemator with 13 s 1 3 &+ 2 o
Nrlon Screen Debubbler
Group XTI Retating Drum Ocpgenator 13 1 6 3 8 0 o
Group \IIT Screen (VMark) Oxygenator 1 N3 8 2 1 1
Group \IV  Hlelt Reervorr Ovygenator [ 0 2 5 0 % O
Total 107

for one hour four dogs were without evidence of a breakdown
of the BBB and one animal had a localized area of multiple
punctate fluorescence classified as 4+

Group IV Air Embolism Controls In the amimal recenving 02
ce of air directly mnto the carotid arters the brain was negatine
In the other two animals recenng 04 cc and 06 cc of wr re
spectively  the bramns were both 44

In Group V the five animals in which the by pass shunts with
pumps were performed  but without extracorporeal on genation
four dogs had brains negatine to fluorescence The fifth was graded
us trace on the basis of a single fluorescent area Fhis last animal
was perfused through n antifoam free plastic reservorr chamber
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In Gioup VI, the by-pass shunt thiough a chamber heawvily
coated with Antifoam A, all fom brams weie 44- to fluorescence

In Gioup VII, the notmal ¢ oup of dogs having only a caiotid
anglogiam, two brams weie negative while thiee were 4. Depth
ol anesthesia may have been a factor producimg the wide vanation
miesults The two negative brams weie rom deeply anesthetized
ammals while the thice positive bians weire from hghtly anesthe-
tized ammals who weie violently stimulated by the mjection

In Gioup VIII, the contiolled c1oss cnculation peifusions, five
brams were negative, thiee showed a tiace, and two weie 1+

In Gioup IX, usmg the standaid type sheet ovygenatol, all
twelve biams weie 44

In Gioup X, anmmals utihzing the standaid sheet oxygenatol
with artenal 1etuin mto the 11ght atium so that the lung seived
as a filte, all five brams were negative

In Group XI, the standaid sheet oxygenator with a mechanical
o1 physical type of debubbler consisting of a nylon mesh m place
of antifoam, thiee brams were negative, one tiace, thiee 1+, and
four 2+, and two weie 34

In Group XII, utihzmng the 1otating dium, film oxygenator to-
gether with the Sigmamotor pumps for total cairdiopulmonary
by-pass, one biam was negative, six trace, thiee 1+, and thiee 2+

In Gioup XIII, consisting of eleven animals perfused utihzmng
the Mark G & K pump orygenatoi, fom weie tiace, thiee 1+
two 2--, one 3-+, and one 4

In Gioup XIV, consisting of nme dogs peifused with the heln
1ese1von oxygenator with a light film of Dow Coimng Antifoam A
m the debubblmg chamber as 1ecommended,’ two biams welé
tiace, five were 14-, and two weie 3-F

Climical Encephalography—Results

Of the ten consecutively studied patients, nme have been 1€-
studied followmg then mtiacaidiac 1eparative smgery (Table 11)
All of these patients were aleit mentally immediately postopcra-
tively and fiee of any appaient newologic sequelae Electio-
encephalogiaphy was canied out as soon postoperatively as they
were essentially afebiile and could be safely moved to the testing
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In Gioup VI, the by-pass shunt thiough a chamber heavily
coated with Antifoam A, all four biamns were 4+ to fluorescence

In Group VII, the noimal gioup of cdogs having only a carotid
anglogiam, two brams weire negative while thiee were 4 Depth
of anesthesia may have been a factoi producing the wide variation
mesults The two negative brans weie fiom deeply anesthetized
ammals while the thiee positive biams weie fiom hightly anesthe-
tized animals who weie violently stimulated by the mjection

In Gioup VIII, the contiolled cross cuculation perfusions, five
brams weie negative, thiee showed a tiace, and two were 1+

In Gioup IX, using the standaid type sheet oxygenator, all
twelve biramns weie 44

In Gioup X, ammmals utihzing the standard sheet oxygenator
with artenal 1etuin mto the 11ight atium so that the lung seived
as a filter, all five brains weire negative

In Group XI, the standard sheet oaygenator with a mechanical
o1 physical type of debubbler consisting of a nylon mesh m place
of antifoam, thiee biains weie negative, one trace, three 1+, and
fow 24, and two were 3-

In Gioup XII, utihzing the 10tating drum, film oxygenato: to-
gether with the Sigmamotor pumps for total caidiopulmonary
by-pass, one bramn was negative, six tiace, three 1+, and three 24

In Gioup XIII, consisting of eleven animals peifused utihzing
the Mark G & K pump oxygenatoi, fom1 were tiace, three 1+,
two 24, one 3+, and one 4+

In Group XIV, consisting of nme dogs peifused with the helix
1ese1von oxygenator with a light ilm of Dow Corning Antifoam A
in the debubbling chamber as 1ecommended,* two brams weie
trace, five were 1+, and two were 3-+

Clinical Encephalography—Results

Of the ten consecutively studied patients, nine have been 1e-
studied following then mntiacaidiac 1eparative surgery (Table II)
All of these patients were alert mentally mmmediately postopeia-
tively and free of any apparent neurologic sequelae Electro-
encephalography was ca ried out as soon postoperatively as they
weie essentially afebule and could be safely moved to the testing
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The hypotension controls are of mterest inasmuch as it is well
Lknown that even at lugh flow rates approaching or equaling the
basal cardiac output the systemic blood pressure of some patients
drops significantly os they go onto the by pass If nothing 15 al
tered the systemic blood pressure often chmbs steadily towards
and may approach normal in the next thirty to sixty minutes The
cause of this imtal fall in blood pressure and the slowness of the
body to adjust are not known by us at this hme However it 15 of
mterest that profound hypotension for the wntervals studied had
relatively littlo effect upon the integrity of the blood brain barrter

Antifoam A has been widely used by virtually all workers m the
field of open heart perfusions either within the oxygenator or m
the cardiotomy return reservorr because 1t appears to be remarha
bly nou touic and non iritating to tissue even when directly
implanted.® In this laboratory in the past similar studies designed
to assay possible tissue todcity of this substance have been carried
out * and these have all been negative as well Thus the disturbence
of the BB B in the Group VI animals 1n which blood for two hours
was passed through a reservorr contamning a heavy coatng of this
material emphasizes again that a very thin film of this materal is
all that should be used and preferably this should be baked on by
autoclaving after application Filters and settling traps designed in
an attempt to remov e particulate antifoam hav e been unsuccessful,
but decreasing the amounts of antifoam commensurate with ac
tual needs has been successful.

The preponderance of positive results in the Group I\ animals
utilizing the sheet oxy genator were undoubtedly due to the exces
sively large quantities of antifoam that were contained m the de
bubbling chamber of these units and not due to air This conclusion
is based upon the studies in Group \ where the same oty genator
wasutilized but the returning blood was filtered through the lungs
first and 1n the Group \l animals in which the identical ox\ genator
w1s emploved except for the elimmation of Antifoam A and de
hubl)ling

These obseryations have opened up three other avenues of
‘vestigation now n progress First there is 1 wide variety of com
pounds of varving chemieal structure which have antifoam proper
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area In one patient (Case 6) the temporary presence of complete
heait block 1n the immediate postoperative mterval, requuing
contimuous pacemaker support, delayed 1etesting, and m another
the presence of atial flutter (Case 4) did Iikewise One patient died
m the mmediate postoperative nterval befoie 1e-assay was pos-
sible

It 1s of mterest that fowr (mcluding the one patient who died)
of these ten patients had abnoimal electioencephalogiams pre-
operatively In two of these there was no change postoperatively
and 1 the thnd (Case 8) theie was impiovement toward normal
This patient was i a terminal condition fiom chiome caidiac
decompensation preoperatively, and 1t 1s Iikely that the abnormal
electioencephalogiam was a measme of her decieased cardiac
output Postoperatively, the climical improvement m her caidiac
and physical status has been diamatic and no doubt the EEG
improvement 1s a 1eflection of this change

One other patient with a noimal preoperative EEG showed a
mildly abnoimal tracing 25 days postoperatively A subsequent 1e-
testing 6 weeks postoperatively showed a completely normal hac-
mg Neither this patient nor the others with tiacings considered
abnoimal preoperatively, had any clnically 1ecogmzable neuro-

logic ﬁndmgs

DISCUSSION

This method of detecting alterations i the B B B, utihzing
fluorescin and a Woods lamp may piove to be a useful test for ex-
peimmental evaluation of perfusion technics and methods It has
appeaied to be a more cirtical mdex than the electioencephalo-
giam However, even utihzmg this delicate and sensitive test 1t 1S
evident that distuibances m the B BB aie not mheient m total
body perfusions Anesthesia, thoracotomy, cannulations, and the
shunting of laige quantities of blood thiough the Sigmamotol
pump for per1ods up to two howis gave consistently negative effects
upon the mteguty of the BBB On the other hand, even a tmny
amount of an (04-06 cc) mjected mto the caiotid arteres gave
positive tests, as did cerebral angiogiaphy, as indicated by techmies
which a1e routine 1 most clinics
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The hypotension controls are of interest inasmuch as 1t 15 well
known that even at high flow rates approaching or equaling the
basal cardiac output the systemic blood pressure of some patients
drops significantly as they go onto the by pass If nothing 1s al
tered the systemic blood pressure often climbs steadily towards
and may approach normal in the nest thirty to sixty minutes The
cause of this initial fall 1n blood pressure and the slowness of the
body to adjust are not known by us at this time However 1t Is of
wterest that profound hypotension for the intervals studied had
relatively little effect upon the mtegrity of the blood bram barrier

Antifoam A has been widely used by virtually all workers in the
field of open heart perfusions either within the oxygenator or m
the cardiotomy return reservowr because 1t appears to be remarka
bly non tomc and non irntating to tissue even when directly
implanted * In this laboratory 1n the past, similar studies designed
to assay possible tissue toxicity of this substance have been carrled
out,* and these have all been negative as well. Thus the disturbance
of the BB B 1 the Group VI ammals m which blood for two hours
was passed through a reservoir containing a heavy coating of ths
materlal emphasizes again that a very thin film of this material 1s
all that should be used and preferably this should be baked on by
eutoclaving after application Filters and settling traps designed
2n attempt to remove parbiculate antifoam have been unsuccessful
but decreasing the amounts of antifoam commensurate with ac
tual needs has been successful.

The preponderance of positn e results in the Group Ix ammals
utihzing the sheet oxy genator were undoubtedly due to the exces
stvely large quantibies of antifoam that were contamed m the de
bubbling chamber of these umts and not due to air Thus conclusion
is based upon the studies in Group \ where the same oxy genator
was utilized but the returning blood was filtered through the lungs
first, and 1n the Group \I animals in which the identical ovy genator
W1s employed except for the ehmination of Antifoam A and de
hubhhng

These observations hase opened up three other atenues of
Vestigation now in progress First, there 1s a wide nety of com
pounds of varving chemical structure which hav e antifoam proper
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area In one patient (Case 6) the temporary presence of complete
heait block m the immediate postoperative mteival, 1equumng
continuous pacemaker support, delayed 1etesting, and m another
the p1esence of atnial flutter (Case 4) did Iikewise One patient died
m the immediate postopeiative interval before 1e-assay was pos-
sible

It 1s of mterest that fom (mcluding the one patient who died)
of these ten patients had abnoimal electioencephalogiams pre-
operatively In two of these theie was no change postoperatively
and m the thnd (Case 8) theie was improvement toward normal
This patient was m a terminal condition fiom chionic caidiac
decompensation preoperatively, and 1t 1s hikely that the abnormal
electroencephalogiam was a measuie of her decieased cardiac
output Postopeiatively, the climical improvement m her caidiac
and physical status has been diamatic and no doubt the EEG
mmprovement 1s a 1eflection of this change

One other patient with a noimal pieoperative EEG showed 2
mildly abnoimal tracing 25 days postoperatively A subsequent 1e-
testing 6 weeks postoperatively showed a completely normal tiac-
mg Neither this patient nor the otheis with tracings considered
abnormal pieoperatively, had any clinically 1ecogmzable neuro-

logic findngs

DISCUSSION

This method of detecting alterations m the B B B, utihzing
fluorescn and 2 Woods lamp may piove to be a useful test for ex-
penmmental evaluation of perfusion techmes and methods It has
appeared to be a moie cirtical mdex than the electioencephalo-
giam However, even utilizing this delicate and sensitive test 1t 15
evident that disturbances m the BB B aie not mheient m total
body peifusions Anesthesia, thoracotomy, cannulations, and the
shunting of laige quantities of blood through the Sigmamotor
pump fo1 periods up to two houis gave consistently negative effects
upon the mteguty of the B BB On the other hand, even a tmy
amount of an (04-06 cc) mjected mto the caiotid arteries gave
positive tests, as did cerebral angiography, as indicated by technics
which a1e routine in most clinics



Effects upon Cercbral Function 203

The pre- and postoperatnne encephalographic studies which
showed no significant alterations m the tracings made m a series of
adult patients perfused for up to cighty minutes augment the clin
ical impression that the nisk of carcfully performed total body per
fusions per se 1s not great and that the disturbances in bodily
physiology are relatively mmimal even in the present state of our
knowledge

SUMMARY AND CONCLUSIONS

A sensttive test the blood brain barmer breakdown has been
described as an aid for the evaluation of pump-oxygenators and
in total body perfusion Sexeral types of bubble and film oxy gena
tors have been tested along with certam other perhment variables
in 107 dogs

In a senes of adults and older clildren undergoing total body
perfusions 1n the course of reparative intrecardiac surgery for in
tervals of twenty to eighty minutes utihzing the helix resersoir
oxygenator there wore no significant alterations between the pre
and postoperative clectroencephalograms obtajned by 2 multilead
apparatus carried out in a shielded laboratory
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ties Some of these a1e natwally occunning substances known to be
non-toxic Secondly, Antifoam A and pirobably other substances as
well, have different affimties for the different materials on which
they may be coated Lastly, antifoam agents can be elimmated
entnely asillustiated by the 1esults of the experiments i Group XL

While admittedly the testing of the procedwmal set-up 1s a rather
haish one and possibly more than need be done as fa1 as clinical
peifusions of present durations aie conceined, the only method of
oxygenation that gave a majonty of perfusions with negative or
trace changes n the birains, was the use of controlled cross circula-
tion This observation confiims a previously stated belief that this
begmning technic may still constitute the “standaid” for compari-
son of other peifusion methods for some tume to come

Fiom the present study 1t 1s obvious that other factors can be
mportant m producimg breakdown of the blood bram barrel dui-
mg perfusion Aitenial spasm, which might be the presumed mech-
amism 1 the positive brans fiom thiee of the five animals n which
caiotid angiogiams were peifoimed, 1s a likely suspect Other ob-
vious possibilities are the presence of paiticulate embol m the
form of fibun, an bubbles, o1 even bits of coating matenial fiom
the oxygenator 1itself Caieful technic and design can exclude the
possibility of an bubbles Piotection from solid emboli depends
upon the use of blood filters In all of these aitificial oxygenator
studies, aiterial filters were utilized, but 1t 15 om opmmion that con-
siderable impiovement mn design of filters 1s needed

Studies of shunt by-pass, c10ss cuculation, and vaiious forms of
oxygenation demonstiated the fact that cerebial disturbances, as
measuied by breakdown 1n blood biam bairier, can be avoided m
total cardiopulmonaiy by-pass procedues, although m our 1esults,
unpredictable bieakdown contmues to occu

Temperatuie control 1s extiemely important for all oxygenators
whether of bubble, film, o1 memhiane type Plasma, satmated
with oxygen at Iow tempeiatures, will 1elease ovygen bubbles 1f
serfused mto a patient o1 anmmal that 1s substantially waimer In
all of these experimental studies, as well as the climical petrfusions,
the oxygenato blood was kept erther at the patient’s body temper-
ature o1 one to two degiees waimer, to obviate this occurrence



AIR EMBOLISM

By
Vatee L. Winaan, M D., PaNAcioTs ZarmacorourLos, M.D.,
and C Rorums HaNLON, MDD

Tm-“ wrusion of flud into the artenal side of the circulatory
System carmes with it a nsk of gaseous embol, which may be
lethal if they reach the bramn When the infused fluid is mecham
cally-oxygenated blood, the nsk of gaseous emboli 15 mcreased
and, when the oxygenating mechamsm 15 a “bubble oxygenator ”
the potential for ras embolism may be considerable

It has been suggested: that gas embohsm 1s a lihely cause of
death 1 many of the animals dymg after perfusion with blood
from a bubble oxygenator Moreaver Dennis group in therr carly
Inboratory experlences found that therr oxvgenator (not a bubble
type) was dehvering to the artenial side of the animal a small but
constant stream of gas bubbles In subsequent investigations they
have simulated the chnical picture of neurologic damage some-
times scen after use of an otygenator by dehberate injection of
gases mto the carotid artery of the anesthetized dog Introduction
of arr in volumes of 15 to 3 ml per hg of body weight over a
Period not exceeding 1 minute resulted 1n immediate evidence of
neurologic damage despite anesthesia Fourteen of sixteen dogs
%0 treated cid not sunnve and evidences of neurologic deficit
Wwere present in two survivors after three months When air was
Injected into twenty nine dogs over a period of one hour in
amounts from 033 to 20 ml per kg the immediate evidence of
air embohsm was often negligible but twenty of these anfmals
died withn a day of the expeniment nd all of the nine sun v ors
hnd evidences of neurologic damage Injection of ovy gen instead

From th Department of Surmn St Lowt Universty Schol of \edicine Th
M ebgation wa supported upart by g near hogrant (H 2536) from the \4
tmal Heart In titute of th \atwnal Insutut ~ of Health, Public Hualth Scric
ad In a1 ~canh, grant frim tl St Low Haart A wootion
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By
Vawiee L. Wiiaran, M D, PanacioTis ZAFIRACOPOULOS, M.D.,
and C RorLmns IaNLon, MDD

Tm-: nrusioN of fluid into the arterial side of the circulatory
System carries with 1t a rish of gaseous emboli which may be
lethal if they reach the bram When the mfused flud is mechan
cally-oxrvgenated Dblood the risk of gascous emboli 15 increased
and when the oxy genating mechamsm 1s 2 “bubble ovygenator ™
the potential for gas embolism may be considerable

It has been suggested* that gas cmbolism 1s a likely cause of
death in many of the animals dying after perfusion with blood
from a bubble oxygenator Moreover Denms group in their early
laboratory experiences found that their oxy genator (not a bubble
type) was delivering to the artenal side of the animal a small but
constant stream of gas bubbles In subsequent iy eshgations they
have simulated the chnical picture of neurologic damage some
times seen after use of an oxygenator by deliberate injection of
gases into the carotid artery of the anesthetized dog Introduction
of arr m yolumes of 15 to 3 ml per kg of body weight over a
perfod not exceeding 1 mmute resulted in :immediate evidence of
neurologic damage despite anesthesla. Fourteen of sixteen dogs
so treated did not survive and evidences of neurologic deficit
were present in two survnvors after three months When air was
Wjected Into twenty nine dogs over a period of one hour in
amounts from 033 to 20 m! per kg the mmedate evidence of
air embolism was often neghgible but twenty of these animals
died within a day of the cxpenment and all of the nme sun v ors
had evidences of ncurologic damage Injection of ows gen instead

Lrom the Department of Surgeny 5t Lovy Unn ats S boc | of Medicine Thi
M tigation wa upported i part tn g moe r hoorort (H 2536) from the \a
tomal Hart Towitute of the \atn1al In titat~ § H alth Public Health Seriee
and s ar~archgrant from th St L ou H ot \ weiatim
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of an did not matei1ally alter the mcidence of mjury to the nervous
system, although the severity of symptoms and the death rate
weie decieased These workers emphasized the fact that, even
m anmmals which su1vived without clmical newologic abnormality,
one could demonstiate pronounced cerehal damage by histologic
techmques They felt that a 1eappraisal of curient pump oxygena-
tor technics was mdicated

A similay warning note was sounded m the piresentation of
Maloney? on the basis of compaiative survival 1ates 1 dogs with
high and low flows fo1 a peiod of twenty minutes using the
bubble oxygenator With flows at 35 ml per kg of body weight
suivival 1ate was 41 per cent, at 70 ml per kg theie were no
swivivors When the peilod of perfusion at the lower flow rates
was 1a1sed to forty minutes, there weie no survivors It appeared
possible that incieasmg amounts of a “toxic element” might have
been mtioduced mto the animals by mcieasng the flow 1ate o1
duration of perfusion Many of the anmmals died n a state chai-
actenized by aieflexia and hypotension consistent with cerebhal
damage, and these investigators thought that minute amounts of
gas suspended 1 the pe1fused blood might be the causative “toxic
element ” Usmg two oxygenatois n parallel there was survival
of thiee out of ten animals peifused at an aggregate flow of 70 ml
per kg Without claiming statistical significance for this smvival
rate, they did point out that these were the only survivois among
twenty-fowmr dogs on “high” flow 1ates with the bubble oxygenator
in then laboratory

The studies presented by Maloney and his colleagues emphasize
the high moitality m experimental ammals with the bubble
oxygenator The evidence that such mortality 1s due to mic10-
scopic air embohism 1s admittedly inferential, and there aic many
possible causes of the diffuse cerebral damage which underlies
certain deaths during the first day after extracorpoieal pe fusion

It has not been demonstiated that the aieflexic, hypotensive
amimal that fails to awake from perfusion 15 a phenomenon
pecuhai to the bubble type of ovygenator

\oieover, there 1s madequate information available concerning
the use of bubble, film and membiane type ovygenators by the
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same group of mn estigators 1t is unrelable to compare the results
of one group with those of another using the same basic bubble
ongenator smce as Lilleher has stated the DeWall oxy genator
15 so simple that the urge to modify 1t 1s almost irresistible With
certain apprently trivial modifications however the performance
of the oxygenator may be substantially altered and lethal com
plications attributed to n basic defect m oxy genator design may
possibly be due to the secondary modifications

By mjection of air or oxvgen Into the carotid arteries of dogs
Dennis group has simulated closely the climeal and histologic
picture in certamn ammals which fail to survive extracorporeal
arculation It has not been demonstrated directly however that
the deaths m Dennis ammals wnd in those which do not survive
extracorporeal circulation with the bubble oxygenator are due to
the same cause

In an effort to elucidate the role of giseous embolhsm in deaths
associated with use of the bubble oxygenator we have perfused
the bram of dogs with blood from a DeWall type III pump
oxygenator Tlus permits study of the brain as a filter for potental
embol, while the remander of the ammal is maintaining rela
tnely normal circulabion wathout extracorporeal assistance

METHODS

Mongrel dogs 9 to 27 kg in weight were anesthetized with
sodium pentothal intray enoush Repeated small doses were given
to prevent struggling An endotracheal tube was placed and com
pressed air was delnered nto 1t by a mechanical mterrupter
Sterile surgical technic was emploved and the perfusion ap
paratus was stenhzed by autoclaving All ammals received 500
mg of tetracycline i 500 ml of physiological salne by intra
‘enous infusion during the first ninety minutes of the expenment
The sunnors receis ed penfallin 400 000 umts on the first post
operatine dav Hepann was gnen mtravenoush in a dosage of
2mg per kg before plicing the catheters for perfusion

In ten anmmals blood from a femoral artens was passed thmugh
the electrode chamber of a4 constantly recording pH meter and
returned to the fomoral van Femoral artery pressure was re
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of an did not matenally alter the madence of mmjuiy to the nerous
svstem, although the seventy of symptoms and the death rate
were deacased These workers emphasized the fact that, even
m anmmals which sunvived swithout chimcal neurologic abnormality,
one could demonstiate pronounced cerebial damage by histologic
techmques They felt that a 1cappiasal of current pump oxy gena-
tor techmes was mdicated

A smidar wainmg note was sounded m the presentation of
Maloney- on the basis of comparative survival rates m dogs wath
high and low flows for a period of twenty mmutes using the
bubble ovvgenator With flows at 35 ml per kg of body weight
sunvival rate was 41 per cent, at 70 ml per kg there were no
saivinors When the penod of perfusion at the lower flow rates
was 1aised to forty minutes, there weie no survivors It appeared
possible that maeasing amounts of a “tosic element” might have
been mtioduced mto the ammals by meieasmg the flow rate or
dwation of peifusion Many of the anmmals died m a state char-
actenized by areflenia and hy potension consistent with cerebral
damage, and these mvestigators thought that mmute amounts of
gas suspended m the peifused blood might be the causative “toxic
clement ” Usmg two ovvgenators m paiallel there was survival
of thiee out of ten ammals peifused at an aggregate flow of 70 ml
per kg Without claimmg statistical significance for this survival
1ate, they did pomt out that these were the only survivors among
twenty-four dogs on “high” flow 1ates with the bubble oxvgenator
m their laboratoiy

The studies p1 esented by Maloney and his colleagues emphasize
the high mortahty m expermmental ammals with the bubble
oxygenator The evidence that such mortahty 1s due to micro-
scopic air embolism 1s admittedly inferential, and there are many

ossible causes of the diffuse cerebral damage which underhes
certam deaths durmg the first dav after extiacorporeal perfusion

It has not been demonstrated that the areflexic, hypotensive
ammal that fails to awake fiom perfusion 1s a phenomenon

peculia: to the bubble type of oxygenator
Mo1eover, there 1s nadequate mformation available concernmmg
the use of bubble, film and membrane type oxygenators by the
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ml per minute the amount returned to the appartus varied from
1050 to 1420 ml per minute Ovygen flow to the bubbling column
was 4 to 51 per minute At least 1000 ml of blood wus hept in
the helix reservoir The perfusion period lasted 120 minutes m
three ammls and 180 mmutes in two ammals After perfusion
protamine was griven in a dose of 2 mg per hg the carotid artenes
were Iigated (see I'gure 112)

Group II

In efght amimals ranging in weight from 9 to 20 kg the sub-
clavian arteries were ligated intrathoracically at their origins sev
eral davs before the perfusion Dunng perfusion, blood was with

FLTER

ump

FLOW IREGULATOR

e
Fic 113 Diagram of extracorporeal crrculation fn amimals of
moup I1 (Willman)

drawn from the supenor vena cava and delnered to a DcVall
Pump oxy genator model 1II The oxsgenator was operated at

Tates of 1100 to 1400 ml per minute Ox gen flow to the bubbling
cohunn vy 4 to 51 per mmute At least 1000 ml of blood werc
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corded cons(untl) as was pressuie m oone of the carotids bemg
per fused El('clmcm(hogmms and verlex-ocerput c]cctroencepha-
]()gl ams were reconded mlcnmllcntly

Group 1

In five ammals whose weights varied between 13 and 27 kg,
blood was withdiawn fiom the mfenior vena cava for oxygena-
tion by a pump ovvgenator of the DeWall type, model IIT The
pump oxy genator was operated at flows of 1100 to 1500 ml per
mimute The output from the aitenal side of the apparatus was
divided mto two paits, a smaller fraction bemg delivered to the
ammal and the majonty bemg recnculated thiough the oxygena-
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Fic 112 Diagram of extiacorporeal cnculation m anmals of
group I (Willman)

-

tor The amimal was peifused through two small catheters dnected
cephalad m the carotid arteries and secuied by hgatwes which
prevented flow to the carotids from the aoita The amount of
blood delivered to the carotid arteries vaiied between 55 and 75
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ml per mnute the amount returned to the apparatus varied from
1050 to 1420 ml per mnute Oxygen flow to the bubbling column
was 4 to 5 L per minute At least 1000 mL of blood was kept in
the helix reservorr The perfusion penod lasted 120 mmutes m
three animals and 180 mmutes in two smmals After perfusion
protamine was grven m a dose of 2 mg per kg the carotid arteries
were ligated (see Figure 112)

Group IT

In eight anmals ranging m weight from 9 to 20 kg  the sub-
clavian arteries were ligated intrathoracically at their ongins sev
eral days before the perfusion Dunng pertusion, blood was with

FLOW|REGULATOR

—_—
Fic. 113 Dugram of eatracorporel circulation wmimals ot
@oup 11 (Wdlman)

drawn from the superior ven1 cava and dedinered to v Delball
Pump oxygenator modc! 11 The owgenator ws operated at
fates of 1200 to 1400 ml per minute Oxvgen flow to the bubbling
colunn was 4 to 5 1 per mmute At le st 1000 ml of blood werc
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corded consl.ml]y as was pressute m one of the carotids beng
perfused Eloclmc(n(hogl ams and vertev-oceiput e]ectloencepha-
lograms weie 1ecorded mteruttently

Gioup 1

In five ammals whose weights vaned between 13 and 27 kg,
blood was withdiawn ltom the mfenor vena cava for oxygena-
tion by a pump oxygenator of the DeWall type, model III The
pump ozvgenator was operated at flows of 1100 to 1500 ml per
minute The output fiom the artenal side of the apparatus was
divided mto two paits, a smaller fiaction bemg delivered to the
ammal and the majonty being 1ecuculated thiough the oxygena-
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Fic 112 Diagram of extracorporeal cnculation m animals of
group I (Willman)

-

tor The animal was peifused through two small catheters du ected
cephalad m the carotid arteries and secuied by hgatures whicl:

revented flow to the carotids from the aorta The amount of
blood delivered to the carotid arteries varied between 55 and 75
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eye for a penod of several days with subsequent return of vision
It was felt that the changes in this group of animals were assocl
ated with perfuston by volumes far in excess of normal cerebral
flow

In ten nstances in which the pH of arterial blood was meas
ured, there was lttle alteration dunng the two hour perfusion
There were no elevations the maumum depression was 0 1 below
the mitial pH

DISCUSSION

The results n these experiments demonstrate that perfusion
of the dog s brain with blood from a bubble oxygenator for periods
up to three hours may be accomplished without mortahity or gross
neurologic sequelae These results have been attamed mn only a
small serfes of animals at flow rates comparable to normal canine
cerebral blood flow These flows equal the expected amount of
blood to the head dunng total extracorporeal circulation

If the perfusate from a bubble oxygenator contains gaseous or
parhiculate emboli and if these are the cause of the severe cerebral
damago sometimes seen with use of pump oxy genators one might
expect the animals m Group I to show these neurologic sequelne
In prelimmary studies of this small group such cerebral damage
Is not apparent However when perfusion {s carried out at rates
far bevond the normal cerebral flow  there is a high incidence of
serious or lethal neurologic damage Such damage occurs at these
Bow rates even when the oxy genator is removed from the perfu
sion svstem

Although 1t s highly unlikely that such overperfusion plavs an
part in the unevplained dcaths associated with extracorporeal
circulation it is apparent that nearly identical neurologic patterns
may he produced by many different tvpes of insult to the bramn
Injection of particulite matter or gas bubbles into the carotid
arters will produce such a pittemn of injury but proof s laching
that gaseous embol are the actual causative agent m deaths fol
lowmg peefusion with a bubble ox Lenator

Clowes and others hinve commented on the difficults of detect
me, fine bubbles m blood by the usual phvaical means and sug
tested the pplication of an ultrasome fowmeter m such attempts
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kept m the heln reservoit The anmimals were perfused for 120
mmutes thiough a 10 F catheter directed cephalad m the night
carotid aitery Theie was no flow thiough this vessel from the
aorta The left canotid aitery was occluded during the perfusion
Flow thiough the nght carotid artery was regulated so as to keep
the caiotid presswie at o1 above the piessure m the femoral artery
The carotid pressuie never exceeded the femoral pressure by more
than 20 mm Ilg Caiotid flow amounted to 15 to 20 ml per kg
body weight per mmute, this 1s contiasted with a flow of approxi-
mately 3 to 5 ml per kg per minute m the animals of Group I

Of the total output fiom the oxygenator, 150 to 300 ml per
mmute perfused the caiotid aitery, the remammg 1000 to 1200
ml weie 1ecnculated to the oaygenator After peifusion was com-
pleted, protamme was given mn a dose of 2 mg per kg The open-
mg m the nght caiotid aitery was 1epared with arterial sutwes
(see Figuie 118)

RESULTS

Group I

All five of these amimals survived Dwuing perfusion theie was
shght 1eduction m voltage of the electioencephalogiam but no
gioss alteration m pattertn These ammals 1equued repeated ad-
munistiation of anesthetic agent dunng the perfusion to prevent
stugghng They awoke piomptly after peifusion with good
muscle tone and normal reflexes

Fou of these animals were saciificed at inteivals up to 15 days
after peirfusion No gioss changes were noted m the biamn and
detailed pathologic studies will be repoited later.

Groap 11

Four of these eight animals failed to awaken Thiee died within
twelve hows, and one after six days The foun that recovered
demonstiated noimal behavios None awakened and later died
In all eight mstances theie was depression of voltage m the elec-
tioencephalogiam during the perfusion

In the four ammals which died, as well as in two of the sur-
vivors, there was proptosis of the right eye and edema of the
night side of the face This was a striking finding In the two
smvivors with this condition there was blindness i the edematous



DISCUSSIONS

DR. EISEMAN Denver We have been particularly interested in
the basic hydrodynamic principles that account for the impedance of
blood flow during air embolism In hydraulics  flowing column of fluid
interrupted by a column of gas is called a slug flow system Surprisingly
little s known about the flow characteristies of slug flow  Engineers
have concentrated on the characteristics of foams and fluids containing
alr bubbles smaller than the dizmeter of the containing tube since such
systems are of commercinl importance but the properties of slug flow
have been almost totally neglected

Jumin, in 1860 rcported that shugs of air impede fuid flow but
Smith, m 1830 showed that there was no such resistance in a scrupu
lously clean tube without constriction We have confirmed Smiths
fndings in tubes of a constant diameter regardless of the number or
sizo of the bubbles We have also found that in tubes of narrowing
diameter or containing constrictions air bubbles do not impedo flow
a3 Jong as the column of Rwd and air remain in motlon This 1 might
add, was unexpected and difficult to believe but it is true If however
the column of fluid fr stopped with the bubble at the pomnt of con
striction o different set of forces pertain (bydrostatics not hydro-
dynamies) and the mr slug offers a veny significant resistance to flow
In the course of its pulstile flon blood goes through such a stationary
phase and therefore thesc hydrostatic forces are applicable to in vivo
a.r embolism When an air bubble is thus hung up at a constriction
pressure far in excess of the orginal propulsive force is necessary to
push it through the narrowing and to resume flud flow Indeed under
some conditions the provimal conves flufd-air meniscus may be bent
mward, fe reversed before the bubble pops through the constriction

1 will not further belabor the dvnamics of such a system except to
34y that we has e found that resistance to flow is directly proportional to
the surface tension of the fuid Lowering surface tension decreases
resistance to flow We have applied this principle to the experimental
animal with coranan air embolism produced by the 1cft intraventricu
lar injection of known doses of air To date more than 150 dogs have
been 50 studied and we hwe found that a 1007 fatal dose of air can be
reduced to an LD 45 1f 4 nunate amount of surface tension lowering,
substaney s mjected simult meoush with the air We have further
\hown that this protective (Hect fs proportional to the degree of surface
tension depres fon of the hlood

N tnous surface active agents have been tested but Tween 80 and
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We have had no eyperience with ultiasonic detection of bubblesn

blood but are employmng other physical means such as the expo-
suic of blood to a vacuum as deseitbed by IHaivey !

Expenments aic m progiess Lo assess the possible 1ole of hyper-
satwation of blood with oxygen as a detiimental factor mn extra-
corporeal cnculation The possibility of deleterious effects of
abundant oxygen supply m the cooled state was suggested m
1953 by Claik, Helmsworth and associates * Moie recently Pemnido,
Swan and Knkhn® have commented on the possibility of damage
fiom excessively high ovygen tension of artenal blood m connec-
tion with studies using a bubble type oxygenator

The piecise 10le of gaseous embolism m the neurologic com-
plications after use of pump ovygenatois 1equnes further study
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DR. EISEMAN Demver We have been particularly interested in
the basic hvdrodvnamic principles that account for the impedance of
blood flow during air embolism In hydraulies a flowing column of Awmd
interrupted by a column of gas is called a slug flow s stem Surprisingly
little 15 known about the flow chamcteristics of slug flow Engineers
have concentrated on the characteristics of foams and fluids contaning
air bubbles smaller than the diametcr of the contaming tube since such
systems are of commercial importance but the properties of slug flow
have been almost totally neglected

Jamin 1n 1860 reported that slugs of air impede fluid flow but
Smith in 1930 showed that there was no such resistance 1 a scrupu
lously clean tube without constriction. We have confirmed Smiths
findings in tubes of a constant diameter regardless of the number or
size of the bubbles We have also found that in tubes of narrowing
diameter or containing constrictions air bubbles do not impede flow
as long as the column of fluid and air remain m moton This I might
add, was wnexpected and difficult to believe but it is true If however
the column of fluid is stopped with the bubble at the pownt of con
striction a different sct of forces pertain (hydrostatics not hydro-
dvnamics) and the air slug offers a verv sigmificant resistance to flow
In the course of its pulsatile flow blood goes through such a statfonary
phase and therefore these hydrostatic forces are applicable to in oivo
ar embolism When an air bubble is thus hung up at a constriction
pressure far in excess of the original propulsive force is necessary to
push it through the narrowing and to resume fluid flow Indeed, under
some conditions the proumal convex fluid-atr meniscus may be bent
fonard Le., reversed, before the bubble pops through the constriction

T will not further belabor the dynamics of such a system except to
32y that we have found that resistance to flow s directly proportional to
the surface tenston of the fluid. Lowering surface tension decreases
resistance to flow  We have applied this pnnciple to the experimental
ammal with coronary air embolism produced by the left intraventricu
lar injection of known doses of air To date more than 150 dogs have
been 5o studied and we have found that a 100% fatal dose of air can be
reduced to an LD 45 if 2 minute amount of surface tension lowering
substance is injected simultaneously with the air \We have further
shown that this protectn e effect 15 proportional to the degree of surface
tension depression of the blood

Various surface active agents have been tested, but Tween 80 and
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We have had no experience with ultiasonic detection of bubbles n
blood but aie employmg other physical means such as the expo-
sure of blood to a vacuum as descibed by Haivey

Expenmments are m progiess to assess the possible 10le of hyper-
satmation of blood with oxygen as a detrimental factor m extra-
coiporeal circulation  The possibility of deleterous effects of
abundant oaygen supply m the cooled state was suggested m
1953 by Clark, Helmswor th and associates ® More 1ecently Pendo,
Swan and Kirkhin® have commented on the possibility of damage
fiom excessively Ingh oxygen tension of arteial blood m connec-
tion with studies usmg a bubble type oxygenator

The precise 10le of gaseous embolism m the newologic com-
plications after use of pump oaygenators 1equues fuither study
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formed on 12 dogs and the results are essentially as follows Cerebral
flow which was measured by a continuously recording magnetic
rotameter was found to have a lincar relationship to central nortic
blood pressure but had a variable and unpredictable relationship to
perfusion rate In addition cerebral oxygen consumption was Likewiso
related to cerebral blood flow in a linear fashion Perhaps the most in
teresting observation made during these experiments however was
that frrespective of flow rates employed cerebral oxygen consumption
decrensed significantly during extracorporcal circulation In most in
stances it was only about 50 per cent of control values We are unable
to explain this phenomenon since artenal oy gen tenslon was within
relatively normal limits and no sigmficant varfation in pH occurred
These experiments suggest that cerebral blood flow is ses erely reduced
during extracorporeal circulation using basal perfusion rates and that
under certain circumstances cerebral hypoxia may develop

DR. JAMES V MALONEY Los Angeles In regard to Dr Hanlons
comments about our modification of the bubble oxygenator I would
Iike to point out that these modifications were the same as those added
by DeWall and associates subsequent to their original publication. Wo
were disappointed by the experimental mortality Dr Hanlon alluded
to and therefore developed four methods to determine if microscopic
alr embolism was the cause of this mortality The first method consisted
of observation through the microscope of a glass capillary tube placed
in parallel with the arterial line We could identify globules of foreign
material but could not tell if they were air or antifoam compound. The
second mothod developed by Mr Arzouman in our laboratery con
sisted in samphng blood from the aorta in scaled capillary tubes dur
ing perfusion. Theso capillary tubes werc then incubated at body
temperature in the upright position for a period of thirty minutes Air
bubbles varying in size from 600 to 900 microns in diameter could
easily be demonstrated. These bubbles were always present at blood
gas ratios in excess of 17 occasionally present at blood gns ratios of
1-6, and rarely present at ratos of 1-5 The bubbles are illustrated in
this slide (Agure not reproduced) The third techmie for the demon
:lntion of air bubbles consisted in inserting what engineers call a

plepum chamber” in the arterdal line We were able regularly to
trap large numbers of exceedingly small bubbles in this chamber \lasses
of such bubbles arc illustrated at the top of the plenum chamber
in the nest slide (figure not reproduced) The fourth method was a
modification of Schuberts negative pressure fixation technic de
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Dow-Corning Antifoam A or B seem most suitable because of therr
effectiveness 1 lowermng surface tension of blood and their relative
lack of toxicity As most of this audience knows, Dow-Corning Anti-
foam A 1s a particulate sihcone and 1ts direct intracardiac 1njection, even
m minute amounts, 1s not desirable Unfortunately, we have not found
any other non-paiticulate surface active agent that 1s equally effective

Theie are many obvious practical implications of these experimental
findings as they relate to pump ovygenators First, they suggest that
antifoam agents may have an effect on air embol: beyond merely cutting
down the number and size of bubbles 1n our machmes Second, the
difference m the impedance to flow produced by air emboli during
continuous perfusion contrasted to that found during a pulsatile flow
should be mentioned According to our hydraulic studies, resistance
would be mimmal during a constant flow or perfusion and the effect
of air embol might not become evident until the pulsatile flow of the
normal heart beat 1s resumed

Lattle new has been added to our knowledge of arr embohsm for
many years and 1t would seem that a review and further study of the
basic hydrauhcs of this condition 1s 1 order

DR SAMUEL KAPLAN, Cmcmnati With the use of the polaro-
graphic technic, we have measured the tissue oaygen tension n the
bramm of dogs under varymg conditions of cerebral circulation (J
Thoracic Surg 82 576, 1956) In normothermia the oxygen availability
to the bramn drops immediately and precipitously after occlusion of the
mferior and superior vena cava with the flow through the azygos vem
left mtact (azygos principle) Equivalent polarographic readings were
obtained when the intact ammal was ventilated with a misture contain-
ing about 10 per cent oaygen It 1s concluded that during low flow
rates oxygen availability to the bran 1s significantly reduced and may
approach levels only shghtly in exacess of those resulting m brain

hypoxia

DR OSCAR CREECH, JR, New Orleans During the past year
we have had three patients who developed neurologic disturbances
following open intracardiac surgery under extracorporeal circulation
Each of these patients was perfused at relatively low flow rates and the
chnical mamfestations suggested hypoxia as the cause of the neurologic
complications Therefore, some expeniments were carried out to meas-
ure cerebral blood flow and oxygen consumption during extracorporeal
crculation using a bubble oxygenator These experiments were per-
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biopsy specimens were then plhiced m a negative pressure chamber and
subjected to onc half wtmosphere of negative pressure The rationale
ot this experiment fs that if any microscoplc air emboli was present
it should obey Boyles law expand and thus become easily visiblo
on a microscople section Two strange things occurred when the tis
sues were exposed to one-half atmosphere negitive pressure The
control biopsies and those taken dunng the use of a Gibbon oxy gena
tor remained quictly at the bottom of the pressuro chamber
Those tissuc specimens taken during perfusion with the bubble oxy
genator behaved as Cartesian divers and floated to the surface where
they remained so long as the negative pressure was applied to the sur
face of the formahn Sccondly these tissue specimens effers esced Like
an Alka seltzer tablet After four days of fisation in formalin at the
high negative pressure routine histologic sections were made Slide 3
(not shown) shows a control specimen Figure 114 1s a section from the
fiver of a dog perfused at a flow rate of 70 ml per klogram body weight
at a blood gas ratio of 1 to 10 Scores of microscopic air embolf are
demonstrated Of these four technics the most sensitive was the plenum
chamber method which permitted demonstration of air embolism
with blood gas ratios as low as 1 to 3

Before adopting the Gibbon pump-axygenator for clinical use at our
clinic we employed the bubble oxygenator for a period of § months
with o modicum of success Numerous other mvestigators have used
the bubble oxvgenator with good results witness the beautiful results
shown by Dr DeWall yesterdav It 1s therefore hard to determine the
meaning of these experimental studies Perhaps the studies indicate
that dogs do not tolerate air embolism as well as patients

DR RARL E KRARLSON Brooklyn The experiences which wo
have had with respect to awr embolism have been mentioned by Dr
Patrick and by Dr Hanlon. We have been trving to reproduce the post
perfusion syndrome which we have seen i amimals after perfusions sus
pected of producing air embolization. By wjecting air or oxy gen wnto
the internal carotid artery of the dog this syndrome can be reproduced
1t took about twice as much oxy gen as air to do this The ﬁndings
which were umtorm were (1) the depth of anesthesia was increased
and {2) there was alwavs cerebral damage at autopsy cither after
death or sucrifice of the animals which did recoy er normally There was
a large range of abnormal findings betw een normal recovery and death

Subscquenthy Dr Fris Dr Kaplan and I bave repeated these experi
ments injecting 0.25 cc of air into the deht internal carotid artery of the
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veloped by Dr Kail Schmutzer n our laboratory This method consists

m taking tissue biopsies of hiver, kidney, and brain of an experimental
ammmal before and during perfusion with the bubble ovygenator These
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biopsy specimens were then placed in a negatis e pressure chumber and
subjected to one-half atmosphere of negative pressure The rtionale
of thus expeniment is that if any microscopic air emboli was present
it should obey Boyles law expand end thus become casily visible
on a microscopic sechion Two strange things occurred when the tis
sues were exposed to onc-half atmosphere negative pressure The
control biopsies nd those taken during the use of a Gibbon oxy gena
tor remained quictly at the bottom of the pressure chamber
Those tissue specimens taken during perfusion with the bubble oxy
genator behaved as Cartesian disers and floated to the surfoce where
they remained so long as the negative pressure was apphed to the sur
face of the formalin Secondly these tissue specimens effers esced ke
an Alka seltzer tablet. After four days of fixation in formalin at the
high negative pressure routine histologic sections were made Slide 3
(not shown) shows a control specimen, Figure 114 is a section from the
liver of a dog perfused at a flow rte of 70 ml per kilogram body weight
at a blood gas ratlo of 1 to 10 Scores of microscople air emboli are
demonstrated. Of these four technics the most sensitive was the plenum
chamber method which permitted demonstration of afr embolism
with blood gas ratios as low as 1 to 3

Before adopting the Gibbon pump-oxy genator for clinical use at our
clinic we emploved the bubble ovygenator for a period of 9 months
with a modicum of success Numerous other investigators have used
the bubble oxygenator with good results witness the beautiful results
shown by Dr DeWall yesterday It 1s therefore hard to determine the
meaning of these experimental studies Perhups the studies mdicate
that dogs do not tolerate air embolism as well as patients

DR RARL E KARLSON Brooklyn The expenences which we
have had with respect to air embolism have been mentioned by Dr
Patnel and by Dr Hanlon W e have been trving to reproduce the post
perfusion syndrome which we have seen 1n animals after perfusions sus
pected of producing afr embolization By Injecting air or oxvgen into
the internal carotid artery of the dog, this syndrome can be reproduced
It took sbout twice as much owvgen os air to do this The findings
which werc uniform were (1) the depth of anesthesa was increased
and {2) there was alwavs cerebral damage at autopsy cither after
death or sacnfice of the animals which did recover normalls There was
a large range of ubnormal findings betys cen normal recovery and death

Subsequenth Dr Fries, Dr haplanand I have repeated these expert
ments mjecting 025 ce of air into the right mternal carctd arten of the



Latracorporeal Circulation
veloped by D1 Ka1l Schmutzer 1 our laboratory This method consists
in taking tissue biopsies of Iiver, kidney, and bram of an experimental
amimal before and duning perfusion with the bubble oxygenator These
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biopsy specimens werc then placed fn a negati ¢ pressurc chumber and
subjected to one half atmosphere of negative pressure The rationale
ot this expeniment 15 that 1f amy microscopic air emboli was present
it should obey Boyles law expand and thus become casily wisible
on a microscopic section Two strange things occurred when the tis
sues were exposed to one-half atmosphere negatne pressure The
control biopsies and those taken dunng the use of a Gibbon ovy genn
tor remained quicth at the bottom of the pressure chamber
Those tissuo specimens taken during perfusion with the bubble oxy
genator behaved as Cartesian divers and floated to the surface where
they remained so long os the negathve pressure was apphed to the sur
face of the formalin Sccondly these tissue specimens cffervesced like
an Alla seltzer tablet After four days of fixation 1 formahn at the
high negative pressure routine histologic sections were made Slide 3
(not shown) shows a control specimen Figuro 114 is a section from the
Liver of a dog perfused at a flow rate of 70 ml per ilogram body weight
at a blood gas ratio of 1 to 10 Scores of microscopic air emboli are
demonstrated Of these four technics the most sensitive was the plenum
chamber method, which permitted demonstration of air embolism
with blood gas ratios us low as 1 to 3

Before adopting the Gibbon pump-oxy genator for clnical use at our
chnie, we employed the bubble oxy genator for a period of 8 months
with a modicum of success Numerous other investigators huve used
the bubble oxygenator with good results witness the beautiful results
shown by Dr DeWall yesterdny It 1s therefore hard to detcrmine the
meaning of these caperimental studies Perhaps the studies indleate
that dogs do ot tolerate air embolism as well as patients

DR KARL E AARLSON Brooklyn The experiences which wo
have had with respecet to afr embolism have been mentioned by Dr
Patnek and by Dr Hanlon We have been trving to reproduce the post
perfusion syndrome which we have seen in anfmals after perfusions sus
ﬁh@]’% of producing air embolization. By injecting air or ovygen into
P (mfnmblummﬂd urtery of the dog, this syndrome can be reproduced
whia about twice as much ovygen as air to do this The findings

! were uniform were (1) the depth of anesthesia was incrensed
i‘l"dﬂ(l) there was always cercbral demage at autopsy either after
ueliré or sacrifice of the animals which did recover normally There was

Sul}ic?"“g:‘?)f tgml;‘r:ml fgldx}r:gs llzlctween normal recorery and death

T Fries Dr haplan and I have repeated these experf
ments, injecting 0.25 cc. of alr inlnpthe right mtcrnull::a:otid nr‘:; of the
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in takmg tissue biopsies of hver, kidney, and bramn of an experimental
ammal before and during perfusion with the bubble oxygenator These

veloped by D1 Kail Schmutzer 1n our laboratory This method consists
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Ficurnc 116 A & B

have deseribed previ

phalograms were recorded continuously before dur

hour a total of 15 cc of air This
o pertod after this air injecton W e found some EE.G s

ge of cercbml damage we

ver a period of one

dOg per minute o
produced the tame ran
ously Electroence

ing and for
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blood from swishing back and forth through the filters may also be of
considerable importance
Thank you

DR JERE W LORD JR Now York In our laboratory beginning
with the bubble ox genator patterned after Dr DeWValls a step-by
step simplification of the ov genator took place until the apparatus
shown in the first slide (Figure 117) was utilized. Seventy-one per cent
of the amimals survived runs from 20 to 70 munutes with some sort of
open cardiotomy Of those that succumbed post perfusion, there were
several which expired without ob fous reason within 48 hours In none
of the runs were macroscopic bubbles seen through the Tygon tubing

Tn an attempt to develop a single and effective bubble monitar we
have constructed the apparatus shown m Slide 2 (Figure 118) This is a
polyviny plastic frame the chamber of which is 6’ long, 2 wide, and
1/64” thick so that the cross sectioned one is equal to the i Tygon
tubing nsed in the circuit. The momtor has been placed in a drewt
consisting of an oxygenator Sigmamotor pump and tubing and various
flow rates studied. Momtoring may be carried out dunng flow or by

FROM CAVA TO CAROTID ART

EXTRA - CORPOREAL CIRCULATION
Ficvne 117 (Lord)
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showed no change or veiy shght transient change, some of those
anmmmals died and some recovered However, some electroencephalo-
grams showed gross changes, particularly on the right side, agamn, some
of these animals died and some recovered apparently normally

In Figure 115A 1s a normal E E G after mjection of 15 cc of air Ths
dog recovered and appeared normal Figure B shows a more compl-
cated experiment, but the normal pre-injection E E G on the center six
Imes are seen The only change we could find throughout an hour’s con-
tinuous run during air mjection was a little change on the right side
which lasted only the length of one page of the paper (upper six lmes)
It became normal agam within forty seconds (Jower six lines) This dog
died without recovermng consciouness Figure 115B, from the record of
another animal, shows an EE G which had defimte changes on the
night These occurred about six minutes after mjection started This
dog lived and appeared normal Figure 116A & B shows the most pro-
found E E G change we have encountered with air injection The top
three lines are from the nght side and the bottom three from the left
They all show changes from the premjection E E G, most striking on
the right This dog died

We feel, on the basis of these studies, that the E E G does not reflect
accurately the presence or amount of cerebral arterial air embolism
and 1s not a satisfactory basis for predicting the clinical abnormalities
which will follow 1n the dog These findings will be of interest to those
who are using E E G tracings in conjunction with heart-lung machines
n the laboratory to evalute their effects on dogs Whether these find-
ings can 1 any way be translated to humans remains to be seen

DR CHARLES K KIRBY, Philadelphia When we reported our
experiments on brain embolization associated with the bubble oxy-
genator at the American Association for Thoracic Surgery meeting here
in Chicago three or four months ago, we had no evidence that the
emboli were due predominantly to gas bubbles, to particles of fibrin
or anti-foam, or to something else Subsequent studies have not, as yet,
clarified the nature of the embol sigmficantly We appreciate the op-
portunmty of stating agamn that a bubble oxygenator appears to be
relatively safe at the flow rates we mentioned 1if properly used, that lsi
if an open reservorr with a large surface arca and a long verticd
column beneath 1t 1s nterposed between the arterial hlters and lh(:
arterial pump It scems hikely that the potential embols collcet on the
surface of the reservorr, and the depulsating effect, which provents
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which the whole brain 1s fixed in o vacuum the vacuum being m the
realm of 300 mg Hg Gas bubbles present in it will expand to immense
proportions

Figure 118 Here is the brain of a dog subjected to air embolism by
injection of air in the carotid artery to the oxtent of 025 cc per kilo of
body weight The brain shows large cyst hke vacuoles throughout the

Ficore 119 (Heimbecker)

PO 14

Ficure 120 (Heimbecker)



312 Extracorporeal Circulation

stopping the flow and scannng with a dissecting microscope with
magnification of twenty to sty times The monitor can be placed on a
side-arm so that perfusion need not be mterrupted A fluorescent hght
1s placed beneath the chamber

With flow rates up to 900 cc/min, no bubbles were seen when
scanned with the naked eye However, with magmfication of sixty times

Ficure 118 (Lord)

flow rates of 500 to 900 cc/mmn showed an average of 3 bubbles per
field At a flow rate of 1200 cc/min, an average of 125 bubbles per
field could be counted i the chamber when scanned through the
microscope with the flow interrupted No bubbles were visible during
flow erther 1n the chamber or i the Tygon tubing

A run of two hours employing the Bolton bubble ovygenator at 2
flow rate of 1000 ce/mimn —no bubbles were to be seen by scanning the
chamber with the circulation interrupted

We believe that this bubble monitor may be of valuec n dclcchn;?
microscopic bubbles which could be responsible for some aspects 0

cerebral damage

DR RAYMOND O HEIMBECKER, Toronto, Canada We
Toronto have studied a techme ongmally desenibed by Schubert 1o



EFFECTS OF EATRACORPOREAL CIRCULATION
ON RENAL FUNCTION

By
Georce C Mornmus, Jr., M D, WiLianm C Awe, B.S., Harvey W
Benpen, B.S., DentoN A CooLey, M.D., and
MicnarL E De Baxey, MD

A Nuamsen of techmes have been developed and used chnically
to protect the bram and spinal cord from ischemic damage
durmg gortic resection for aneurysm The two methods which
have been practical for this purpose were induced general bodv
hypothermia and temporary vascular shunts* * * Although these
methods have been used successfully 1n a large number of thoracic
aneurvsms certam disadvantages of each techmc Limit their use-
fulness sigmificantly For this reason recently we have employed
temporary controlled extracorporeal circulation to by pass the
region of the aorta to be excised and to provide for arterial sup-
plv to the tissues and organs located distal to the occluding
clamps* * In general two methods of by pass were used depend

g upon the Jocation and extent of the aneurysm For aneurysms
of the descending thoracic aorta a sumple extracorporeal circuit
was used removing blood proumally from the left atrfum or aorta
and delver ng 1t distally through a pump into the abdominal
vorta usually via the left common femoral artery For aneurysms
located in the ascending or transverse aortic arch cardiopulmon

ary by pass usmg a pump oxygenator was necessary With the
latter method venous blood was removed from the vena cavae

From the Cora and Webl \admg Department of Surgery Baylor University
College of Medictoe and the Surgical Senees of the ] fferson Davis \ethodist
and \ eterany Admmistration Hospitals, Houst m, Tevas

Suppoeted 1n part bn grants from the Houston Heart Asmociatl
National In titutes of Heelth, e e
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cut surface of the gross specmen All nine dogs subjected to exper-
mental an embolhsm showed such vacuoles

Contiol dogs m which no air has been mjected, when subjected to
this procedure, will show a similar picture in about 10% of the cases
This 1s probably due to mherent difficulties m taking the bram at
autopsy

Ficure 121 (Hemmbecker)

Fourteen dogs were placed on the heart-lung machine, using the
DeWall ovygenator Twelve of such dogs showed no arr embolism
The other two dogs showed positive results, a figure which 1s con-
sistent with the error of the techmc

This dog was perfused for half an hour at 50 cc /kilo of body weight
(Figure 120) No air vacuoles are present

By contrast, here 1s the bramn of a dog in which a small amount of
air was accidentally trapped in the arterial hine, and then seen to pass
mnto the animal An air vacuole 1s present on the cut surface (Figure 121)

In conclusion, 1t would seem that this 1s a simple, direct method of
demonstrating non-fatal gas embolism (with wide biological variations)
1n the gross specimen To resort to a microscopic search for air vacuoles
in pathological sections would seem to be uncertamn and even danger
ous Within the lmits of this technic, the DeWall ovygenator did not

produce demonstrable air embolism
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ure renal plasma flow (RPF) by methods previously described ®
Renal blood flow (RBF) was calculated from renal plasme flow
with the hematocrit

Flow rates of the Sigmamotor or Mark pumps were carefully
calibrated just prior to operation m each case In the sortic by

THORACIC AORTIC OCCLUSION WITH PUMP BYPASS
Comparison of Bypass Flow Rate & Distal Aortic Pressure

§

5330 20.32 1 ey

|

Fic 122 Comparison of average mean pressure in the aorta below the level
of occlusion with the average pump flow rate To insure a functional pres
sure (abo o filtration level) it is necessan to pump at a rate of at least 20 cc
per kg of body welght per minute In the average adult a flow rate of at
least 1200 cc per minute 1s usually necessary

Distal Aertle Presowre me Hg

pass senes the flow rates were low and somewhat vanable in the
first few patients but later approached 1,200 to 1800 cc per
mmute This followed our apprasal that 20 cc per kg of body
weight per minute probably represented the mmimal flow rate for
satisfactony perfusion pressure {Fig 122} It was customan, to be

gin perfusion at 1bout half such a calculated flow rate and gradu

allv increase 1t making necessary adjustments from time to t%:nac to
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pumped thiough a bubble diflusion oxygenator and 1eturned
thiough a femoral catheter

The purpose of this study was to estimate 1enal blood flow and
glomerular filhation rate dmmg extiacorporeal cnculation m a
series of patients having resectional therapy of thoiacic aottic
ancurysms  With these data coupled with dnect manometrc
blood pressme determmations, 1t was possible to estimate the
elfectivencess of the perlusion blood flow m each case

METIIODS

Two groups of patients were used m the study, one 1equning
aortic pump by-pass for ancurysms of the descending thoracic
aorta, and the sccond, caidiopulmonary by-pass for aneurysms
of the ascendmg thoracic aoita and cardiac operations In the
former group, studies weie peirformed on twenty-thiee patients
m whom tempoiary extiacoiporcal cnculation was used dwmmg
1escetion of anewmysms of the descending thoracic aoita Follow-
mg hepaimization (1 mg per kg body weight) a per forated 3/16
mch polyvimyl tube was placed m the left atiium thiough the
left atnal appendage A distal catheter was thieaded p10\um]1y
thiough an aitenotomy m onc common femon al artery The two
weire then connected to a Sigmamotor finger pump o1 Mairk 10ller
pump

In the sccond gioup, consisting of eleven patients, cardiopul-
monary by-pass was employed using a bubble diftusion ovygena-
tor of the DeWall-Lillcher type Separate 3/16 mch l)O]YVIIﬂ']
caval catheteis with mflow occlusion weie emp]oyed Ovygen-
aled blood was 1etuined thiough a femoial catheter A thnd pump
was utihzed to perfuse the carotid artertes when 1esection necessi-
tated occlusion of these vessels

Mean blood pressuie durng the dependent period of aortic o1
cardiopulmonary by-pass was determmed by dnect measurcment
A merculy manomeler was attached to plastic tubmg leading to 2
15-gauge needle mserted m the distal aorta All other mean ])l(mdr
pressuies weie dernived lrom auscultatory piressures by addmg
one thud of the pulse pressme to the drastohie pressuie Inulin
was used to measwe glomerular filiation 1ate (GFR) and low
concentiations (2-4 mg per cent) of para-ammolhippurate to meas:
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wre rengl phsma flow (RPF) by methods previously desenibed *
Renal blood flow (RBT) was cnlculated from renal plasma flow
with the iematocrit

Flow rates of the Sigmamotor or Mark pumps were carefully
calibrated just prior to operation m cach case In the nortic by

THORACIC AORTIC OCCLUSION WITH PUMP BYPASS
Comparlson of Bypass Flow Rate 8 Distal Aortic Pressure

55 86 37
48 48
45 43
a4 43 M
36 37
4 o4 Fy £y Py wie
16

Distal Acortiec Presswre ma Hy

Fic 122 Comparison of avernge mean pressure 1n the aorta below the level
of occlusion with the average pump flow rate To insure a functional pres
sure (above filtration level) it is necessan to pump at a rate of at Jeast 20 cc
per kg of bodv weight per minute In the average adult o flow rate of at
least 1200 ce per minute is usually necessar

pass series the flow rates were low and somew hat variable 1n the
first few patients but later approached 1,200 to 1800 cc per
minute This followed our apprasal that 20 cc per kg of body
welght per minute probably represented the mmumal flow mte for
satisfactony perfusion pressure (Fig 122) It was customan to be
g}? perfusion at about half such a ealculated flow rate and gradu
ally increase 1t making necessary adjustments from time to time to
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make a proxmmal aortic pressure about 10 to 20 mm Hg above
the piecoperative blood piessme The flow 1ate for the pump
oxygenator was 35 cc per kg of body weight per minute, except
when operational factois foiced a shght 1eduction

Recoids of the occlusion o1 dependent time and mean pump
flow 1ates weie made m each case Obseivations of blood pres-
sure, 1enal blood flow, and glomeiula: filhation 1ate were made
before operation, dunmg anesthesia with thoracotomy, during the
pettod of extiacoiporeal cnculation, and following the re-estab-
lishment of noimal cuculation

RESULTS

Group 1, Aoitic By-Pass. In Table I aie assembled the observa-
tions on twenty-four patients having 1esection of aneurysms of
the descending thoracic aoita with the pump by-pass The period
of aoitic cross-clampmg 1anged fiom 17 to 170 minutes The flow
1ates vatied fiom 360 to 1,800 cc per mmute and averaged 1,158
Mean blood piessuie before operation averaged 103 mm Hg and
was not significantly altered by anesthesia and thoracotomy
When the distal aoitic aich was occluded, the aveirage mean
blood piessuie n the 11ght arm 10se to 114 mm Hg rangng, from
90 to 139 mm Hg Piesswie 1n the distal aortic segment averaged
47 mm Hg and 1anged fiom 28 to 70 mm Hg After the release
of the clamps and discontinuance of the pump, the mean blood
pressure was 102 mm Hg for the gioup

Renal blood flow and glomeiular filtiation rates generally co1-
related well with the blood piessuie Anesthesia and thoracotomy
had lttle effect on aveirage 1enal blood flow, although glomerulal
filtration rate fell to 68 per cent of control During the period of
cuculatory support with the pump by-pass, the mean of 1enal blood
flow fell to 8 per cent of controls and n glomerular filtration
rate to 6 for this gioup In two patients having the lowest pres-
sures n the distal aoita, 28 mm Hg, theie was no measuable
renal function In the patient with the highest distal ao1tic pres-
sme, 70 mm Hg, 1enal blood flow was 124 cc per mmute o1 12

er cent of control In the patients with the Jowest aortic pres-
sures, the glomerular filhation rate was zero, zlnd n thc‘ t“;
patients with the lghest pressures, the rate was 7 and 10 cc P
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make a proximal aoitic pressure about 10 to 20 mm Hg above
the preoperative blood piessme The flow rate for the pump
oxygenator was 35 cc per kg of body weight per mimute, except
when opeiational factors forced a shght reduction

Recoids of the occlusion o1 dependent time and mean pump
flow 1ates weie made i each case Obseivations of blood pres-
swie, 1enal blood flow, and glomerulai filtiation 1ate were made
before operation, duiing anesthesia with thoracotomy, during the
period of extiacoipoieal cuculation, and following the re-estab-
Lishment of noimal enculation

RESULTS

Group 1, Aortic By-Pass. In Table I are assembled the observa-
tions on twenty-four patients having resection of aneurysms of
the descending thoiacic aoita with the pump by-pass The period
of aoitic cross-clamping 1anged fiom 17 to 170 minutes The flow
1ates vailed fiom 360 to 1,800 cc per nmute and averaged 1,158
Mean blood piessute befoie operation averaged 103 mm Hg and
was not sigmficantly altered by anesthesia and thoracotomy
When the distal amtic aich was occluded, the aveirage mean
blood piressuie m the 11ght aim 10se to 114 mm Hg ranging, from
90 to 139 mm Hg Piessmie mn the distal aortic segment averaged
47 mm Hg and 1anged fiom 28 to 70 mm Hg After the release
of the clamps and discontimuance of the pump, the mean blood
pressuie was 102 mm Hg for the gioup

Renal blood flow and glomerula: filthation 1ates generally cor-
1elated well with the blood pressure Anesthesia and thoracotony
had little effect on average 1enal blood flow, although glomerular
filhation 1ate fell to 68 per cent of contiol Dunng the period of
circulatory support with the pump by-pass, the mean of 1enal blood
flow fell to 8 per cent of contiols and m glomemlm filtiation
rate to 6 for this gioup In two patients having the lowest pres-
smes m the distal aoita, 28 mm Hg, theie was no measurable
renal function In the patient with the highest distal aoitic pres-
sure, 70 mm Hg, 1cnal blood flow was 124 cc per mmute or 12
per cent of contiol In the patients with the lowest aml;c plr(‘SO

smes, the glomeru]ar filtration rate was zero, and n the tw

patients with the highest pressmes, the rate was 7 and 10 cc per
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minute respectnely Immedintely after release of the oceluding
clamps renal Dlood flow generally returned to normal but
glomerular filtration remained somew hat depressed Tlhus function
however returned toward normal dunng the later postoperative
penod.

Group 2, Cardiopulmonary By pass The data derived from
studies on patients having cardiopulmonary by pass with the
pump-oxy genator are presented in Table II With this procedure
there 15 no proximnl and distal pressure dufferential since the entire
body 1s perfused The mean pressure m the aorta during by pass
averaged 44 mm g and ranged from 35 to 52 mm Hg Hence
measurable renal function was generally greater than that found
with aortic pump by pass Renal blood flow averaged 24 per
cent of control and glomerular filtration rate 29 per cent After
resumption of normal circulation renal blood flow and glomerular

PHYSIOLOGIC ALTERATIONS DURING
THORACIC AORTIC OCCLUSION WITH BYPASS

17
106 |Hg 869 83

nraHg cc fmin cc /mmn
’/prollmﬂl

{duul

40
Hy
(23
cc/min 4
— cc/min
Meon blood presaure Renol blood tlow Glomersiar filtratlon rote

Fic 123 \ean blood pressure renal blood flow and glomerular filtration rate
dunng oortic by pass with a pump Mean blood pressure in the proximal
4orta rose an average of only 11 mm Hg and was sustained at o level of
40 mm Hg in the distal norta. Though renal function was greathy reduced,
it was sufficient to allow Rltration and provent schemic damage
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Fffects on Renal Function 33

shown that withaut i s pe of In pass collateral eirculation wall
p oduce a blood pressure below the point of aortic occlusion of
12 to 30 mm g (Fig 124) Ilence the pump by pass probably
adds little protection from ischemic damage to distal vascular beds
if the flow rate Is msufficient to produce a distal pressure greater
than filtration pressure or about 32 mm Ig That the techmes
used were at least qualitatinely accurate at these low pressure
levels was demonstrated In one cse not mcluded m the tables In
this patient onc renal arters was perfused s well as the distal
aortic segment during resection of 1 thoracoabdominal aneurysm
Under these condstions the calibrated renal perfusion rate closely
approvimated the measurable renal blood flow When the renal
perfusion rate of 70 cc per minute was decreased to 50 cc per
munute the measurable renal blood flow with this clearance tech
nie fell from 53 cc per minute to zero Thus at least in tlis
kudney the eritical flow rate for filtration was between 50 and
70 ce per minute

Group 2 Cardopulmonary By pass In the caso of cardiopul

PHYSIOLOGIC ALTERATIONS
DURING CARDIO PULMONARY BYPASS

L& 672 77
= Hy cc /mn cc /mm

44 d P
"n Hy
D
156
cc/mn cc /min
N Moed prescun  Renal Dlowd flew  GRmrater fiTvel on rak

Fic 125 Duung cardiopulmonan by pass with 1 pump ox genator at a flow
;te approaching 85 cc per kg bodv weight per minute the mean blood

c3sure was 44 mm, Hg This pressure sustamed significant renal blood flow,
and glomerular filtration &
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filhation 1ate 1etmned to 72 per cent and 80 per cent of control
values 1espectively

DISCUSSION

Group 1, Aortic By-pass. This study mdicates the mmimal flow
1ates which should be used during iesectional piocedures for
aneurysms of the descendng thoracic aoita Flow 1ates less than
20 cc per kg of body weight per minute fiequently weie not
sufficient to pioduce a lower aoitic blood pressuie above the
filtration level, or about 32 mm Hg (Fig 122) To obtam a func-
tional pressure m the distal aoitic segment, 1t 1s necessary to
peifuse at a rate of at least 20 cc per kg of body weight per
minute The average distal aortic pressuie dung pump by-pass
for the group was only 40 mm Hg, howevei, even this low pres-
sure level was sufficient to pioduce measurable 1enal blood flow
(Fig 123) When distal ao1tic pressuie fell below the filtration level,
no measwable function was obseived Previous studies™® have

PHYSIOLOGIC ALTERATIONS DURING
THORACIC AORTIC OCCLUSION WITHOUT BYPAS

i2g

mem

b /

s proximal
AN
9 1054 13
l?é‘m distal cc/mn cc/mn

mm
Hg Occ/myn Occ/myn

Mean blood pressure  Renal blood flow Glomerulor filtration rote

Fic 124 Occlusion of the descending thoracic aorta as dlustrated m ths cast

a rise i mean blood pressurc e the arm of 30 mm Hg Ihe pres

produced o far b o

sure m the aorta bedow tho ocddudmg cdamps fcll to 16 mm H
the filtration Jovdd neeessary for ranal function
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aortn in fusifonn ancurysm using cardiac by pass JAM.A 162
1158 1936

5 DeBakes \M E Crecch O and Mords G C  Ancurysm of
thorncoabdominal aorta jmv olving the celine, superior mesenteric,
and renal arteries Report of four cases treated by resechon and
homograft replacement Ann Surg 144 459 1956

6 Handley C A Sigafoos R and LaForge M Proportional changes
in renal tubular reabsorption of dextrose and exeretion of P amino-
hippurate with changes in glomerular filtration Am J Physiol
159 175 1949

7 Morris G C Heider C F and Moyer J H  The protective effoct
of subfiltration arterial pressure on tho kidney Surg Forum Am
Coll Surgeons 6 623 1958

8 Moyer J H., Helder C F., Moms G C, and Handley C A.
Renal failure I The effect of complete renal artery occluston for
vanable periods of time as compared to exposure to sub-filtration
arterlal pressures below 30 mm Hg for similar perfods Ann Surg
145 41 19857

9 Moyer | H., Heider C F., Momis G C and Handley C A.
Hypothermia III The effect of hypothermin on renal damage
resulting from fschemia. Ann Surg 146 145 1957
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monary by-pass with the pump oxygenatoi, this study agam
demonstiates that a flow 1ate of 35 cc per kg of body weight
per minute supports a mean blood piessure ranging from 35 to
60 mm Hg Thisepresents a mean pressuie of 51 per cent of the
preoperative level In spite of an almost fourfold mcrease m the
calculated 1enal vascular 1esistance, 1enal blood flow was mai-
tamed at 24 per cent of control values (Fig 125) Hence, as previ-
ously demonstiated, 1enal cnculation must remamn sufficient to
prevent ischemic damage *

SUMMARY

Contiolled extiacorporeal circulation with a pump for aortic
by-pass has been employed durmg the resectional therapy of
anewmysms located m the descending thoracic aorta Studies of
blood pressure, 1enal blood flow, and glomerula: filtration rate
weie performed duimg these procedwes. These observations md-
cate that a pump flow 1ate of at least 20 cc per kg of body
weight per mmute 1s necessary to provide an aortic blood pres-
sure distally which permits measurable renal function during the
by-pass

Contiolled extracorpoieal cnculation with a pump-oxygenator
for cardiopulmonaiy by-pass has been employed durmg the resec-
tion and replacement of anewrysms located m the ascending and
transverse aoitic arch Similar studies performed m these patients
mdicate that a perfusion 1ate of 35 cc per kg of body weight
per minute 1s sufficient to support renal function during by-pass
and prevent 1schemic damage to the kidney

REFERENCES
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electrolyte excretion 1n man Ann Surg, 146 190, 1957
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C\trldcorporcd] arculation m surgical treatment of aortic ancu-
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4 Cooley, D A, and DeBakey, M E - Resection of entire ascending



THE EFFECTS OF TOTAL BODY PERFUSION
UPON THE LUNGS

By
F D Doori, M.D

ON’E oF the most serious difficulties encountered 1n total body
perfusion is the profound effect upon the lungs that may occur
to certan patients undergoing perfusion It is indeed discourag
ing to perform open cardiac corrective surgery to have the pa
tient remam i excellent condition throughout the procedure
and for a day or two thereafter finally succumbing to pulmonary
{nsufficiency while the heart itself remains strong to the very end
This disease which I shall discuss has been referred to as ate
lectasis of the lung as we have heretofore known. The condition
mght more properly be called pulmonary or alveolar collapse
This does not of course occur 1n all cases but one cannot predict
mn which patient 1t will occur

It is not often seen m short penods of perfusion such as four to
five minutes The longer the duration of the perfusion the more
likely the complication is to occur

The first sign of the complication 13 the ncreased respiratory
rate which 1s present in those patients who have the comphcation
almost immediately after the operation 1s finished

The typical course of the disease 15 as follows immediately
after the conclusion of the operation the resprratory rate of the
patient 15 increased It is often 40 to 50 per munute There may
be shght ¢yanosis The conditon may become progressively worse
and death usually occurs on the second or third day although the
lives of some patents may be prolonged for six to seven days
There are often sigus of mcreasing pulmonary insufficiency as time
goes on The heart and blood pressure remains good until the very
end It is primarily a pulmonany death With less severe injuries
the patient gradually recovers

327



DISCUSSION

DR ELTON WATKINS, Boston The excellent material on renal
function just presented by Doctor Morris seems to me to bear upon an
important aspect of flow during heart-lung by-pass It 1s well-known
that the kidneys are the most sensitive organs in the body m their man-
ner of response to shght degrees of vasoconstricton They are the first
organs to cease functioming when mmnor circulatory stress 1s mflicted
Consequently, if we can maintain some semblance of renal function dur-
ing heart-lung by-pass, we can be sure that the bramn and other organs
are recerving adequate blood supply

Mr Robert Replogle, working m our laboratory, has developed
methods for the rapid ser1al measurement of effective renal blood flow
by observation of the clearance of I'3-Diodrast Numerous determma-
tions may be made durmng the course of a by-pass We have been con-
cerned to find that effective 1enal blood flow ceases withm five minutes
after the start of a dog by-pass at a high perfusion rate of 18 Iiters/mm-
ute/square meter body surface area (about 60-80 ml/min/Kg body
weight) Ths striking change occurs despite mmimal acid-base changes
and an adequate arterial pressure Renal suppression continues through
forty-five to sixty minutes by-pass and persists for sixty to one hundred
twenty minutes after by-pass Renal flow returns without rebound No
escape has been observed during the period of by-pass Body osygen
consumption has reached a plateau at perfusion 1ates considerably
below the 18 hter per square meter value In contiol sham operations,
where cannulae have been nserted but no by-pass carried out, effective
renal blood flow drops to only about 75 per cent of the control post-
induction value We beleve that the disparity between the latter con-
trol value and the by-pass value represents an mdication of renal sup-
pression due most probably to vasoconstriction as a result of mad(‘:
quate flow It scems significant that this change 1s occurring despite
mimimal evidence of tissue 1schemia (mmimal acrd-base c]mngc? and
the absence of arterial hvpotension In our quest for the “1deal " per-
fusion rate, such studies of organ function must be carried ont and
interpretations balanced agamst the evils of mcreased blood trauma
created by high perfusion rates Kidney function studies seem pards
mount to us hecause of their low threshold of sensitivity to crenlators

stress
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hvpertension While it must be admitted that pulmonary collapse
may be more conmon m patients with Ingh pulmonary resistance
there are some serious doubts as to 1t being the primary etiolog:
cal agent This 1s true because pulmonary or alveolar collapse
may occur postoperatinely m patients who do not have mereased
pulmonan pressure or increased resistance Moreover, we have
had for many years a simlar condition 1 the disease of patent
ductus artenosus which is a sunflar phy siological shunt resulting
sometimes in mcreased pulmonany artery pressure All of us
have had a number of thesc cases over the years in which the
ductus was elimmated without any evidence whatsoever of pul

monary collapse postoperatively This statement does not how

ever mclude ducti with reversal of shunt. 5 Increased oxygen
tension of the blood. It has recently becn rcported by Penido
Swan and Kirklin of the Mayo Clinic ' using the bubble oxygena

tor that the tension of the oxygen of the blood may be vastly
increased beyond normal This occurs when the saturation of the
blood 15 mcreased beyond the 100 per cent level If this 15 the
cause of the condition under discussion then those who use other
types of oxygenators such as the screen or the membrane type
should not encounter this condition to anv sigmficant degree 6

Minute emboli could account for this erratic type of pulmonary
collapse However prolonged examination of large numbers of
:]mcmscoplc sections have failed to reveal any microscopic evi

ence

One additional pomt should be kept in mind 1t is well known
that patients with one congenital condition are more apt to have
other congenital defects May 1t not be possible that some intri
cate abnormality of the lung may be present in these cases which
is not present in normal people?

In addition to all these factors mentioned it is probable that
any senious abnormality mn the chemical structure of the blood
may be an etiological agent

Regardless of what may be the etiology of this conditton the
fact remains inescapable that in certain patients dunng the
course of total body perfusion there 15 an fnjury to the pulmo-
nant ahveolus This is more n the nature of a phs sfo-pathological
rther than a demonstrable pathological defect
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INCIDINCE,

The mewdence of this comphication vanes from chinie to clime
but T suspect that the 1eal mardence i much larger than we have
been led to helieve Ty own esperence, this has been the mam
and predommating comphlication T thmk 1t 1s fan to state that
countiv-wide the madence of pulmonary collapse may be as igh
as 1510 25 per cent Fortunately | it s occurning less frequently as
time goes on and as more adeal perfusions are performed

Vanous theones have been put forth to explam this condition
One mught consider the followmg factors 1 Bilateral thoracot-
omy Some have thought that since ilateral thoracotomy 1s done
m these patients, in oider to eypose the heart, that the coughing
mechamsm s meflectual postoperati ely and that the patient can-
not evacuate his seerctions  1owever, many bilateral thora-
cotomies have been performed for other conditions and this pul-
monary collapse has not, to my knowledge, ever been encountered
m cases undergomg ilateral thoracotomy for other conditions
2 Right ventiiculotomy Smce most of the patients undergoimng
open cardiac suigery dui g perfusion have a rnight ventriculotomy
m oider to expose the septum, 1t has been considered by some
that the night ventiicle has failed m the postoperative period,
thereby producing the pulmonaiy condition Inasmuch as the
pathology of this condition under discussion 1s not one of pulmo-
nay stasis or congestion and smce there aie no other signs of nght
ventricular failure, 1t 1s difficult to see how this 1s an mmportant
facton Moreover, the heait 1emams stiong and the patient dies
essentially of pulmonary msufficiency 3 Anoxia and retention of
caibon dioside m the alveolar tissues Since the lungs are by-
passed except for whatever collateral cuculation there may be
present between the bionchial aitery supply and the alveols, both
anoxia and carbon dioxide retention have been presumed to be
present and have been mcriminated as the etiological agent To my
knowledge, no concrete evidence has been presented to substanti-
ate this viewpomt 4 Incieased pulmonary resistance With many
patients undergomng peifusion and open cardiac surgery, there 15
increased pulmonary artery piessure and, in some cases mereased
pulmonary resistance, due to the arteriolar hypertrophy which
may eventually occur m patients with long-standing pulmonary
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hypertension While it must be adnutted that pulmonany collapse
may be more common in paticnts with lugh pulmonary resistance
there are some serious doubts as to 1t bemg the primary ctiolog
cal agent This is true because pulmonn or alveolar collapse
may oceur postoperitively in patients who do not have mereased
pulmonan pressurc or mcrensed resistance Morcover we have
had for many years 2 sunilr condition in the disease of patent
ductus arteriosus which 1s 1 sumlir physiological shunt resulting
sometimes i increased pulmonan artery pressure All of us
have had a number of these cases over the vears i which the
ductus was eliminated without amy evidence whatsoever of pul
monary collapse postoperatinely  This statement does not how
ever include ducti with reversal of shunt 5 Increased oxygen
tension of the blood It has recently been reported by Penido
Swan and karhlin of the May o Clinic ! using the bubble oxygena
tor that the tension of the oxvgen of the blood may be vastly
increased beyond normal This occurs when the saturation of the
blood 15 mcreased beyond the 100 per cent level If this is the
cause of the condition under discussion then those who use other
tvpes of oxygenators such as the screen or the membrane
should not encounter this condition to any sigmficant degree 6
Minute emboli could account for this erratic type of pulmonary
collapse However prolonged exammation of large numbers of
dmlcmscoplc sections have failed to reveal any microscopic evi
ence

One additional point should be kept in mind It 15 well known
that patients with one congemtal condition are more apt to have
other congenital defects May 1t not be possible that some intri
cate abnormality of the lung may be present in these cases which
is not present 1n normal people?

In addition to all these factors mentioned 1t is probable that
any serfous abnormakhty in the chemucal structure of the blood
may be an etiological agent

Regardless of what may be the etiology of this condition the
fact remamns inescapable that mn certain patents dunng the
course of total body perfusion there is an mjury to the pulmo-
nan aheolus This is more in the nature of a phy sm—pathologienl
rather than a demonstrable pathological defect
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Fic 126 Roentgen examination of the chest showing only mmnor
areas of collapse
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One of the stnking fettures of this pulmonin collapse is the
fact that the Roentgen cxammation of the lungs does not show
serous pulmonany disease (Figure 126) This film was t1ken on the

Fic 127 Section of lung showing teas of collapse
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fomth postoperative day The lungs are fully expanded, there 1s
no pulmonary fluid and theie 1s no evidence of consohdation or
atelectasts m the usual tetm Howeves, this patient was m serous
pulmonary msufficiency at the time this Roentgenogram was
taken and ched a few howms afterwards

PATHOLOGY

This type of pulmonary collapse 1s peculiai m that 1t has no
segmental distribution It 1s, theiefore, totally unlke ordmary
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Fic 128 Microscopic section of the collapsed lung

postoperative atelectasis of the lung The condition 1s character-
1ized by aieas of collapse suriounded by aerated lung as illus-
tiated 1 Figure 127 The microscopic exammation of the collapsed
alveoli reveals no abnormal cellulai changes save fo1 one which I
shall presently mention, Figure 128 There 1s no evidence of cellu-
Jar mhltration and no evidence of pulmonary edema A histologic
change which may be of some sigmficance 1s the fact that t1]1<0
clastic fibers of the alveoli are distorted, fragmented and thick-
ened, Figuie 129 This would seem to be the only concrete micro-
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scopic change m cell stiuctuie Whether this 1s a cause or an
effect 1s not known

TREATMENT

As m any case, the most effective tieatment 1s the prevention
Perfusion should take place under the most 1deal circumstances
The blood should be artenahzed m as near noimal condrtion as 1s
possible A caieful chemical balance 1s impeiative Tracheotomy
15 mdicated eaily m the postoperative perod o1 at any time when
1t 1s thought that the tiacheobionchial tiee can be kept more
fiee of any possible secietions Mechanical 1espnation 1s mdr-
cated m the senous mjuies of the lung The obstruction of the
bionchial artery supply duimg the by-pass may be helpful Ths
can be accomplished by applymg a tourmquet around the halus
of the lung Some patients with congemtal heart disease have a
greatly mareased bronclial artery system and the blood flow may
be gieat duning the by-pass

In patients with this serlous complication, a tiacheotomy 1S
stiongly mdicated Bionchoscopy may be especially eftective,
simce 1t the aspnatmg tip 1s mseited mto the onchial onifices,
secietions often aie obtamed although none aie seen In tiache-
otomzed patients, bionchoscopy may be 1epeated as often as
necessa1y The complication can be elunmated only by perform-
mg moie perfect peifusions

In addition to alveola: collapse, there may be the usual type of
atelectasis which responds to the usual tieatment such as cough-
g, tiacheal suction o1 bionchoscopy

SUMMARY

The deleterious effects upon the lungs which may be pr oduced
by body peifusion consist m alveolar collapse This does not have
a segmental distiibution and 1s not atelectasis as we have here-
tofore known The fact 1s mescapable that an mymy to the pul-
monary alveolar membiane has been produced The only micro-
scopic abnoimality, aside from the collapse itself, 1s the apparent
change m the elastic tissue fibers With more 1deal perfusions
the complication should laigely disappear
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PULMONARY PARENCHYMAL CHANGES
ASSOCIATED WITH CARDIO-
PULMONARY BY-PASS

By

WiLiam H. MULLER, Jr., M.D., James B. LirrLerELp, M.D.°
and J. FranceEs DAMMANN, Jr., M.D. (F.A.C.C.)

AMONG the most impoitant and most frequent clinical complr-
cations associated with caidiopulmonary by-pass and open heart
surgery ate those 1elated to the lungs The mcieasmng use of the
heart-lung appaiatus for open heait smgery has necessitated
better undeistanding of hemodynamic alterations occuirmg 10
the lung These changes may be seen 1n a vanety of forms, some
of which aie tiansient and of no gireat chimcal significance, how-
evel, they may also appear in progiessively moie severe forms
which may be meveisible and mcompatible with hfe Perhaps
the most serious change 1s pulmonaiy hemorthage which, in someé
mstances, may be ureveisible and 1t 1s with this change, which
may occur m special cncumstances, that this repot 1s prlmarll}’
concerned

Anatomical Consideiations: The cnculation to the lungs 18 of
dual ongm Anatomical emphasis has long been placed on the
pulmonary arterial and venous vascular bed The bronchial
arteries are of gieat importance as collateial cnculation because
of then systemic aitenial origm Then mtapulmonary distiibution
has been thoroughly studied® * * Miller, *' *> m a number of
reports, has demonstiated that systemic blood 1s jetuned from
the bronchial artery system thiough two 1outes Anastomoscs
between the pulmonarv and bionchial artenes return a portion
f the

o Trudeau Fellow of the Amencan Trudcan Soacty, Mcdical Scction 0

National Tuberculosis Assoctation
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through the pulmonary veins while the remaning blood is re
turned through the bronchial vems which enter the systemic
venous circulation through a varlety of points including most
frequently the azy gos or the hemuazygos or one of the intercostal
veins Considerable controversy has arisen previously regarding
the position of the anastomotic channels between the bronchial
and pulmonany circulation Precapillary anastomoses have been
defimtely demonstrated by a number of investigators * however
and the presence of capillary communications has long been
known.

The function of the bronchial artery circulation has not been
entirely understood It 1s known however that under some ar
cumstances such as in certain types of congenital heart discase
and some inflammatony or other pathologic processes the bronch
1l artenal system does assume the major role of collateral ecir
culaHon” * * Its role as an avenue of collateral circulation in
certain tvpes of heart disease acquires greater chnical sigmficance
when the effect on the lung of total cardiopulmonary by pass is
considered

Clinical Considerations During the past two years we have
observed four patients who developed pulmonary edemn with
gross hemorrhage mto the parenchvma either during cardiopul
monary by pass or shortly after it was discontinued Two of these
patients had transposibion of the aorta and pulmonary artery with
an mteratrial septal defect One had a septum primum defect
with a large left to-nght shunt and ugh pulmonary artery pres
sure the fourth had a ventricular septal defect with equal pres
sure in the pulmonary and systemic arterles Speculation as to
what might bo the origin of this pulmonary damage ncluding o
review of the technical aspects of the procedures employed
seemed to offer plausible reasons as to why pulmonary hemor
rhage occurred.

Furst, dunng perfusion or shortly thereafter the pulmonary
artery pressure must have nisen sufficiently to cause rupture into
the alveoll This pressure was presumed to have mediated through
bronchal arten anastomoses mto the pulmonany vascular bed
Tt began to incrense probably because the pulmonany arters had
been occluded simultancoushy with the aorta when potassium



338 Ltiacorporeal Cuculation

chate was admmustered to produce cardiac anest In addition,
1t seemed logical that this pressuie 10se further when the defect
between the night and left side of the heait was closed It also
seemed plausible that upon the 1esumption of caidiac action, the
difference 1n 1esistance to ventiicular contractions cieated by the
1elatively lugh systemic artenal pressuie which the pump oxy-
genator mamtamed might be considered to mnfluence the develop-
ment of pulmonaiy hemonhage Unde: these cncumstances, 1t 18
concervable that 11ght ventiicular contiactions become effective
before those of the left venticle, evolving a physiologic hemody-
namic alteration not unlike tiansient left heart failme

In other patients, 1t has been noticed that the amount of blood
returning to the heait thiough the pulmonary veins when cardio-
plegia 1s employed sems to be duectly proportional to the degree
of pulmonaiy hypeitension It 1s well known that changes of
luminal nanowmg due to mtunal fibiosis and medial hypeltloph)’
occmr m the piesence of long-standing pulmonaiy hype:tension
associated with congenital heait disease and a left-to-right shunt
This, m essence, 1s not physiologically unlike changes which oc-
cw with the tetialogy of Fallot The anatomical difference 1s that
the position of the pulmonaiy stenosis 1s m the small muscular
pulmonairy aitenies mstead of m the pulmonary valve o1 outflow
tract to the night ventiicle The obstiuction to the flow of blood
thiough the pulmonary cnculation stimulates the development of
the collateral bionchial aitery circulation and a much highe
bronchial artery blood flow mto the pulmonary cuculation occurs

Eaperimental Procedure. In an effort to detexmme the etiology
of pulmonary hemoirhage, an imvestigative progiam was mitiated
m the reseaich laboratory It was noted m ealy experiments that
a dilated left awnicle often accompamed bleedng mto the lung
The sowmce of this blood was thought to be collateral cnculation
thiough the bronchial aitenies 1upturing thiough the pulmonary
vascular bed mto the alveoh In oider to validate this assumption,
the followmg eaperiment was peiformed

High honchal artery blood flow was developed m one gi¢
of dogs by higating the left pulmonary artery several months pl}m
to the expenment Another group of noimal dogs were used m.
control A rnght thoracotomv was employed The ammals were

)lll)
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hepanimzed and the yvenae cavae were cannulated through the
nght auricular appendage and the azygos vem was higated The
femoral artery was cannulated and these cannulae were connected
to the Clark pump ow genator Systemic flow rates 54 to 85 cc
per kalogram per minute were used The aorta and pulimonary
artery were clamped and cardioplegia was mduced with potas
sum citrate A right cardiotomy was performed. The systemic
arterial pulmonary arterial and left auricular pressures were con
tinuously recorded and senal lung biopsies were obtamed The
pulmonary circulation was 1solated i both groups and the only
blood entering the lungs was via the bronchial arteries This blood
could not pass through the occluded pulmonary artery and there-
fore entered the left atrfum Since the auncular and ventricular
septa were mtact, its only recourse was to escape imto the left
ventricle and through the coronary arteries or to become pooled
1n the pulmonan vascular bed
A standard occlusion time of thirty minutes was used and
30 mm of mercury was selected as the pulmonary edema level
During this time the pulmonary artery pressure m the animals
with normal bronchial arterv blood flow did not rise above this
level In tho animals with a physiologic pneumonectomy and high
bronchial artery blood flow the pressure rose to levels of 35 to
82 mm of mercury and concomutantly the femoral artery blood
pressure fell In this group gross and microscopic pulmonary
hemorthage occurred ten to thirty munutes after clamping the
sorta and pulmonary artery This did not occur m the animals
with normal bronchial artery flow When the clamp was remoy ed
from the pulmonary artery in the amimals with high bronchiel
artery blood flow permitting decompression through a nght ven
triculotomy  the pressure became normal in the pulmonan arteny
and left atrium After the clamp had been removed from the
aorta and the heart allowed to resume contractions a risc in pul
monan artery pressure reaching from 30 to 30 mm occurred
the animals with igh bronchial blood flow There was usually
onlv a shglit rise in the controlled group
Conclusions These experiments clearly demonstrate the in
fluence of the bronchial artery circulation in raising the pulmonan
artery pressure and producing pulmonary hemorrhage when out
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flow m hoth dnections 15 occluded It also demonstiates the proba-
bility that if one 1elates these data to patients, those patients
having a high collateral bronchial aitery blood flow may be more
apt to develop pulmonary parenchymal damage than those with
mote noimal bionchial aiteries The foimer group mcludes pa-
tients with eyanotic heait disease, such as the tetialogy of Fallot
and tiansposition of the ao1ta and pulmonaiy aitery, and also those
without cyanosis but with a high pulmonary pressme fiequently
associated with a la ge ventiicular septal defect, and n older
patients with laige mteratnal septal defects

We have concluded fiom this study that every effort should be
made to mamtam a low pulmonary aitery pressure duimg total
by-pass To accomplish this, the pulmonaiy aitery should not be
occluded The left awicle should be decompiessed when the
heait 1s slow to begm effective contractions and 1if one suspects
pulmonaiy vascular changes of maiked lummal naiiowmg which
1esults m a high pressme and 1esistance, and which retards back-
flow thiough the pulmonary vascular bed Closwe of the caidot-
omy should be delayed until effective left ventiicular contiactions
are present Although the occasion should seldom arise, exces-
sive systemic blood pressuies should not be allowed to develop
which might, m tuin, cause excessive bronchial artery blood flow

Smce employmng these general pimeiples, hemorihage nto the
pulmonary paienchyma has not been encountered m any patients
who have undeigone open heait smgery This mcludes those
with both ventiicular and complex atrial septal defects It ap-
peais that the time requued for total by-pass may beai some rela-
tion to suivival of the patient Aside from other factors, those with
high collateral pulmonary circulation undergomng long operations
might be more apt to develop pulmonary parenchymal damage
whereas a shoiter period of by-pass might be better tolex ated

One should also take mto consideration the amount of blood
temporarlly lost mto the pulmonary vascular bed during cardiac
attest This might be mamfested by a gradual diop 1n systemic
pressure after the heait 1s stopped and one should correct ’;111]5
deficit by the addition of blood to the pumping system \\1t;
1esumption of heart action, caie should be taken not to overloac
the circulation especially 1n the patient who has a preoperative
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blood volume above normal assoclated with an intracardiac
shunt which 15 corrected by the operation

During cardiac standstill it is preferable for the lungs to reman
relatively motionless If respiration is continued at & normal rate
either manually or with a mechanical respirator pressure changes
are produced which serve to increase the bronchial to pulmonary
artery collateral blood flow A satisfactory procedure to prevent
this occurrence Is to partially fill the lungs with o gas such as
nitrous oxde and gently nflate and deflate at mtervals of several
minutes This aids m preventing atelectasis and does not sig
nificantly increase collateral blood flow
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flow m both dnections 1s occluded It also demonstrates the proba-
bility that if one ielates these data to patients, those patients
having a high collateral hronchial artery blood flow may be more
apt to develop pulmonaiy parenchymal damage than those with
moie noimal bionchial aiteiies The former group includes pa-
tients with cyanotic heait disease, such as the tetialogy of Fallot
and tiansposition of the aorta and pulmonary artery, and also those
without cyanosis but with a high pulmonary pressure frequently
associated with a laige ventiicular septal defect, and m older
patients with laige mteratrial septal defects

We have concluded fiom this study that every effoit should be
made to mamtam a low pulmonaiy aitery pressure duimg total
by-pass To accomphsh this, the pulmonary artery should not be
occluded The left auricle should be decompressed when the
heart 1s slow to begm effective contiactions and 1f one suspects
pulmonary vasculai changes of maiked luminal nariowing which
1esults m a high pressuie and resistance, and which retards back-
flow through the pulmonaiy vascular bed Closure of the cardiot-
omy should be delayed until effective left ventiicular contractions
ate present Although the occasion should seldom arise, exces:
sive systemic blood pressuies should not be allowed to develop
which mught, m turn, cause excessive bionchial artery blood flow

Smce employng these geneial principles, hemorrhage 1nto the
pulmonary parenchyma has not been encountered m any patients
who have undeigone open heait smgery This mcludes those
with both ventiicular and complex atrial septal defects It ap-
peais that the time 1equired fo1 total by-pass may bear some rela-
tion to survival of the patient Aside from other factors, those with
high collateral pulmonary cuculation undergomg long operations
might be more apt to develop pulmonary palenchymal damage
whereas a shoiter period of by-pass might be better tolerated

One should also take mto consideration the amount of bhlood
temporarlly lost into the pulmonary vascular bed durmng cardx{fc
arrest This might be manifested by a gradual drop 1n systemic
pressure after the heart 1s stopped and one should correct t7]11}5
defiat by the addition of blood to the pumpmg system “lt;
resumption of heart action, care should be taken not to ovcrloa'(
the arculation especially n the patient who has a preoperative
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Ficure 130 (Kusserow)

DR. BERT KUSSEROW New Haven I would like very bnefly to
invite the attention of the group to a defoaming apparatus or bubble
:flpummr dependi.ng solely upon phyvsical forces for its action (Fig 130)

ith such a defoaming apparatus no foreign chemical substances are
;:::“NSSDD to debubblo blood. The device consists of a constant delry ery
bloo:]rjncg thc'inmfugc The tremendous difference 1n the densities of
the Latter -m]rcs'plmtor) gases makes it possible to effect separation of
onls n'null“ centrifugal forces of relatively low magnitude Hence
conrss nho‘peah of rotatdon arc needed Such a device would, of
matter 1l separate from the blood any fibrin clots or other particulate

cr that might he present in it With carcful design and construc-
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DR L C CLARK, Yellow Springs 1 would like to make three pomts
which I believe may help explamn some of the discrepancies regarding
orygen poisonmng and ovygen embohism regardless of what type of
machimne 1s used

First, 1t would be better 1f 1t weie always made clear whether 1t was
oxygen content or ovygen tension being referred to Plasma will dis-
solve more ovygen when equilibrated cold than when warm, though
the tension 1s the same When this cold plasma 1s warmed 1t will
increase 1 tension m a closed contamer but mn an open contamer 1t
will give off oxygen to maintam its equilibration with the surrounding
medium The temperature shift of the dissociation curve of whole blood
would add considerably to this increased oxygen content of the plasmas
as the blood 1s warmed Oxygen embolism, but probably not oxygen
poisoning, 1s possible 1f cool oaygen-saturated plasma 1s perfused mnto
a warmer patient One way to prevent this occurrence 1s to keep patient
and machine at the same temperature, another 1s to keep the oxygen
content below full saturation by equlibration mn a chamber under
1educed pressure, and another 1s to control the oaygen content by
some other means while monitoring the tension

The second pomt 1s that i the apparatus described m my paper
this morning, oaygenation occurs at shightly reduced pressures so that
the oxygen content 1s below full saturation, as revealed by oxygen
tension measurement Lastly, there has been some conversation about
producing gas embolism by the decompression resulting when arterial
blood leaves the high-pressure hne of the machme, through a con-
stricted cannula, 1nto the lower pressure arteries of the patient When
a liquid containing a given gas tension 1s compressed, the gas tension
mn that hquid does not change unless and until the hqud atself 15 com-
pressed, pressures far beyond those we are concerned with would be

necessary

CHAIRMAN (DR MORROW) Dr Clark, do you thmk that, fron;
a safety standpoint, 1t 1s important for all oxygenators to be equippcc
with an oxygen-tension electrode?

DR CLARK Yes, I believe this 1s wise and T think that 1t 15 casy
enough to do and may become enough simpler m the future to rc]prc:
sent no sigmficant complication I know that everyone who has ((}n‘
this has learned much about the owvygenating characteristics of his
machine as well as the oxygenation of the patient

342
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Ficure, 131 (Andersen) There is an error in label
ing b
and the “Low flow Labels should be :xgch;;edme “High flow

represents roughly a 25% reducti
e g reduction of the usual basal cardiac output

DR FRANCIS D MOORE, Boston
Mass  This
;'tferrfhd to as metabolic acidosis but it is helpful in 231:1((]:{9“ 5 properly
as “hvpodc acidosis ™ It is an acidens arising from thun tlo refer to
e release fntg
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tion 1t 1s possible to reduce the traumatic effect upon the blood ele-
ments to a safe mimimum The cross-sectional diagram of the defoamer
llustrates 1ts construction and operation The mnture of blood and
bubbles drops to the center of the middle piece via the 1nner stationary
tube, the latter bemg the only non-rotating component Here centrifu-
gal force separates gaseous and hiquid phases Shght positive pressure
forces the defoamed blood mto the receptacle below via the peripheral
blood exit holes and the narrow interval between middle and lower
pleces

DR MURRAY N ANDERSEN, Buffalo I would like to present
some experimental studies of renal function performed at the Karol-
mska Institute with Doctor Senning We measured renal functions
before, during, and after one-hou, periods of extracorporeal circulation
using the Crafoord-Sennmg pump-oxygenator Results are illustrated
1 this shde

There 1s an error in the shde and during the period of EC the high-
flow and low-flow labels should be exchanged, Figure 131

The first control period was after anesthetization and gives control
values for renal plasma flow, glomerular filtration rate, filtration frac-
tion, urme excretion, and electro]yte excretion The second control
period 1s after completion of thoracotomy and shows a shght decrease
1 all functions

Durlng the high-low period, m which the flow rate was approxi-
mately 100 ml /Kg /mm , all measurements remained at nearly control
levels

During the low-flow period, with flow rates of approammately 40
ml /Kg /mm , there was almost complete cessation of function m all
areas measured

The high-flow and low-flow periods each lasted one-half hour giving
a total perfusion time of one hour

In the after period all parameters tended to return toward normal
levels although there was continued relative suppression of urmary
sodium and chloride excretion

These ﬁgures represent mean values 1n ten experiments

It 1s interesting to note the correlation of these ﬁndmgs with those
we obtamed m studies of oszvgen uthzation during by-pass In each
case flow rates of 100 ml/Kg /min mamtamed function at control
levels, with marked 1mpairment at low flow rates In attempting uan-
titation of optimum flow rates 1t should be recalled that this figure
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membrne ovygenator The blood in the first two groups perfused re-
spectively at high and low flow rates was adequately oxygenated. In
the third (high flow) and fourth (low flow) groups an madequate
surface area of membrane was used It could not diffuse more than 50%
of the oxvgen required by the ammal It is of interest that the second
thurd, and fourth groups all took up about the same amount of oxygen
The difference 1n survival mte between the first two groups and the
latter two groups of animals lay i the profound difference m the
degree of acidosis

Despite our cfforts to perform the most physiologic perfusion pos-
sible the animals of Group I only consumed 82% of their control oxygen
uptake Tlus resulted in some hvpode acidosis which was compensated
by a relatnve resplratory alkalosis More pronounced in the animals of
Group II the quantity of lactic acid produced during low flows with
an oxygen uptake of only 53% of the control could still be compensated
by the buffers and CO, reduchon However these arumals took longer
to awaken, for it takes time to correct a metabohc acidosis

Groups I1I and IV with arterial blood pH values of 68 and 68 due
to a combnation of respiratory and hvpode acidosis did not survive
This may be related to an earlier {mdmg in our Inboratory that ammals
in which the brain wave potential is abolished by severe hypercapnea
for more than 15 minutes dle in a state of normovolemic shock Such
was the case with these dogs which were purposely subjected to
adequate oxygenaton duning perfusion Despite total oxygen uptakes
pot unhke that of Group II they died in severe acidosis The damage

probably lhes in the braun but may m part be related to a nonreactve
cardioyascular system

DR WILLIAM ] KOLFF Cleveland “Late Acidosts After By pass ™
If someone tells me that his patients treated with the artificial heart
lung machme have no acidosis I do not beheve him. I do not beleve
him until I am shown the pH s three or six hours after the operations
Figure 132A shows a scatter graph of the data collected on 12 patients
during and after open heart operations It may be seen that the pH is
lowest three hours \fter the perfusion when it is no longer corrected by
overventlation either by the anesthetist or in the artificial heart lung
michine As pCO is low or normal it is not a Tesprratory acidosis but
a metabolic acidosls Figure 132B shows the data on 13 patients m
whom we expected an acidosis on the basis of a low arculation as
cvidenced by hvpotension before during or after the cardfac by pass
All these patients were given a slow intravenous infusion of 4.5 mEq
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body fluids of hydrogen 1on mitially associated with the products of
incomplete osidation of carbohydrate substances Our data show that
the pH changes 1n a Iinear function with the venous oxygen saturation
and the blood lactate The new hydrogen 1on thus arnses withm the
cell 1tself, apparently on the basis of low flow Intracellular buffers are
taken up first and myocardial irritability may be effected very early

This 15 m sharp contrast to acidosis such as renal acidosis or the
acidosis 1esulting from the infusion of ammonium chloride or fixed acid
In these latter situations, the extracellular buffers are taken up first and
the changes 1n the cell occu later

Where 15 the acid produced which 1esults m hypoxic acidosis? We
beleve that the hiver 1s an unlikely site Dr Senmng told us this
mormng of experiments which corroborate this opmnion Skeletal muscle
appeats to be the most likely site Why should this muscle produce
acid when 1t 1s resting? It would be of nteiest to study the effect of
curare 1 wiping out residual muscle activity under anesthesia, and
thus—hopefully—reducing acid production i muscle when exposed to
low or borderhne blood flow

It 15 clear that low flow rate 1s primarily responsible for acidosis 1m0
pump-oxygenator procedures, acidosis 1s not m any sense an ItrnsIC
property or mevitable 1esult of the flow circuit or 1ts operation Hypoxic
acidosis 1s easily avoided by adequate perfusion

Relative to Dr Callaghan’s data He showed a most mteresting thing,
namely, that the pump can elimimate carbon dionide so efficiently as
to mantan pH m the face of an increasmg hypouic acidosis Then
when the patient comes off the pump and goes back on hus own ventila-
tion, returning pCO, to 40 mm Hg, a very marked fall in pH results
We also have observed this It re-emphasizes the importance of mam:
tamning the pump output at a pCO, near normal, so as not to mask
underlymg metabolic changes

DR GEORGE H A CLOWES, JR, Cleveland I arsc again to
remark further on the damage of the bramn during perfusion and lli
relationship to survival of the animal We must keep clearly m nunt
the difference between respiratory acidosis caused by the accumu]ah()!;
of carbon dionide and the acidosis resulting from the production ©
organic acids during anaerobic metabohsm The latter, Di Moore has
suggested, might best be referred to as “hyposic acdosis o

To 1illustrate the importance of brain damage by acidosis, .l“"”ﬂ“
is drawn to Table IIT of our paper on the membrane ovygenator Tour

' e ‘ or one hour by the
groups of ammmals were subjected to total perfusion f
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membrane oxvgenmitor The blood n the first two groups perfused re-
spectnels at high and low flow rites was adequatel ovvgenated In
the third (high flow) wnd fourth (low flow) groups an madequate
surface aret of mombrme w s used Tt could not difluse more than 50%
of the ovvgen regquired by the animal 1t i< of intcrest that the sccond,
third and fourth groups all took up about the smme amount of osygen
The differenct fn sunnal rite betwean the first two groups and the
Ltter two groups of ammals Tw in the profound difference in the
degree of acidosis

Despite our cfforts to perform the most phvsiologic perfusion pos
sible the animals of Croup 1 only consumed 527 of their control 0¥y gen
uptake This resulted in some Iy poxic acidosis which was compensated
by a relative respirttory. alkalosis: Mor¢ pronouned in the animals of
Group 11 the quantits of lactic acid produced dunng low flows with
an ovigen uptake of only 53 of the control could still be compensated
by the buffers and CO reduction However these animals took longer
to awahen for it takes time to correct a metilolic aadosis

Groups I11 and IV with artcrial blood pi v lues of 68 and 69 due
to a combination of respiratony and Iy pouc acidesis did not sunive
This may he related 1o an earlicr finding 1 our hboratony that ammals
in which the brain w v ¢ potential s abolished by severe hypercapnea
for more than 15 minutes dic m a st ite of normos olemic shock. Such
was the case with these dogs which were purposely subjected to in
adequate orygenation during perfusion Despite tot oxygen uptakes
not unlike that of Group II they died in sevcre acidosis The damage

probably lies in the brain but may in part be related to a nonreactive
cardiovascular system

DR WILLIAM j ROLFF Cloveland “Late Acidosis After By pass ”
}f someone tells me that his patients treated with the artificial heart
hl;ng machine have no acidosis I do not believe him 1 do not belicve
Fm untd I am shown the pIl's three or six hours after the operations
dIgun: 132A shows a scatter graph of the data collected on 12 patients
llﬂ'mg and aftcr open heart operations It may be scen that the pH is
owest three hours after the perfusion when 1t is no longer corrected by
Overventilation either by the anesthetist or in the artificial henrt lung
anﬁgﬂioﬁm PCO. 1s low or normal it is not a respiratory acidosls but
oy ¢ acidosis Figure 132B shows the data on 13 patients in
c\idcnc:; g\‘l’;“clcd an acidosis on the basis of a low circulation as
A0 ey vpotension before dunng or after the cardrac by pass

© paticnts were gnen o slow intravenous infusion of 45 mEq
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of Na bicarbonate/khg /body weight diluted with o double volume of
5% glucose in water This infusion 15 set to run in over six hours after
surgery but is discontinued when the downward trend of the pH is
cheched Notwithstanding the administration of the sodium bicarbon

ate, the low pH three hours after surgery is still evident.

Central venous blood samples for pH and CO, are taken from an
md\\clljng poly othy lene catlieter in the vena cava inferlor which dur
ing and after the run is also used for the measurement of central venous
pressures

s

Hours

Ficonx 133 (kolff)

Doctor Iwao® in our laboratory confirmed that the metabolic acidosis
which occurs in patients with the artificial heart lung machines is most
likely due to nothing else but to the reduction of cardiac output. In
dogs balloons were inflated on catheters m the venae cavae to reduce
the cardiac output resulting in a mean arterial blood pressure of 45

Changes 1n pH and Blood HCO and Thelr Correction in P

tients Undergoln
Open Heart Surgerv by Imao W R Faulkner and W h s
Clinke Ouarterh, in press 1 Rolff ho Cleveland
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seen dunng perfusion with the pump-on genator While the acidosis
in itself may not be hanmful dunng short term by passes it sccms as
if it might belwoove us to know specifieally the nature of this naidosts
30 that we may more accurately maintan the body in normal acid
base and fluid-olectrolyte homeostasis during extrncorporeal circula
ton

We have perfused and studied a closely controlled series of dogs
using a bubble-typo ovygenator Figure 134 On this shde we have
represented the preoperative lactate levels and the lactate levels at
the end of perfusion just before the pump was turned off these have
been plotted against the venous ovygen saturations tahen at that par
ticular moment The rise we see would be from right to left on the
chart The two animals with the highest post perfusion Inctate lovels
were perfused with flows of 25 ce./kg as calculated from gear ratio
cahbration on the Sigmamotor The two animals with the lowest post
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mm Hg All of these dogs developed seveie metabolic acidosis In
the expermment shown in Figue 133 the pH 1s coriected by the admm-
1istiation of sodium bicarbonate although the CO, stayed low Similar
acidosis occurs 1n patients with reduced caidiac output never treated
with artificial heait-lung machmes

In summay, actdosis must be looked for not during but many hours
after cardiac by-pass Samples are taken from a polyethylene catheter
in the mferior vena cava Metabolic acidosis 1s most likely due to re-
duced cairdiac output and not to any mystic action of artificial heart-
lung machines

DR MARTIN S LITWIN, Boston We have been paltlcularly con-
cerned about the development of the “metabohc acidosis” generally
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seen during perfusion wath the pump-oxy genator While the acidosis
m atself may not be hannful dunug short term by passes it scems as
if it might belwove us to know specifically the nature of this acidosis
s0 that we may more accurately maintam the body 1 normal acid
base and flwid-clectrolyte homeostans during extricorporeal circula
tion

We have perfused and studied a closely controlled series of dogs
using a bubble type ovsgenator Figure 134 On this slide we have
represented the preoperatine Jactate levels and the lactate levels at
the end of perfusion just before the pump was turned off these have
been plotted against the vcnous oxygen saturations taken at that par
ticular moment The rise we see would be from right to left on the
chart, The two animals with the lughest post perfusion lactate Jevels
were perfused with flows of 25 cc./hg as calculated from gear ratio
calibration on the Sigmamotor The two animals with the lowest post
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perfusion lactate levels were perfused with flows of 70 cc /kg as cal-
culated on a “rotameter” flowmeter The remaining siv ammals were
perfused with flows ranging between 25 and 70 cc /kg This straight
Iine m the muddle of the chart illustrates that there 1s essentially a
linear and 1mverse relationship between venous oxygen saturation and
whole blood lactate level

In Figure 135, we have taken the post-perfusion arterial blood pH
and plotted these values agamnst the post-perfusion venous oxygen
saturations The latter 1s a function of flow through the patient and
may represent quite closely the oxygen tension of the tissues One can
readily see that these pomts fall in a relatively straight line

Thus, we feel that there 1s an mverse relationship between venous
oxygen saturation and blood lactate level, between blood pH and
venous oxygen saturation, and between whole blood lactate concen-
tration and blood pH We have graphically demonstrated that the
acidosis seen durmg low-flow operation of a pump-osygenator 15 a
“hypoaic acidosis” due to the accumulation of products of ncomplete
and anaerobic glycolysis These are, as 1s well known, lactic acid,
pyruvic acid, and other related end-products of poor oxygenation It
1s a by-product of madequate perfusion

DR HANS C ENGELL, Copenhagen We, too, have seen ths
drop mn pH, and this metabolic acidosis after perfusion as Dr Kolff
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mentioned 1 think it has nothing to do with perfusion per se We
have made an incision fn the rght ventricle and considerably weak
ened the heart In some cases it was not even possible to correct the
defect Especlally in the last mentioned cases we havo seen o tremen
dous drop m pil starting immediately after the perfusion and going
on for severl lvours I think 1t 15 because of insufficient output of the
heart.

DR. ROBERT G PONTIUS Boston Mass We have studied the
development of metabohe acidosis during perfusion by determination
of whole blood buffer base and pCO values in additon to pH Meta
bolic acidosis was indicated by a decrease in buffer base

Figure 138 In groups of experimental animals perfusion rates were
increased from 20-30 ce/hg/min to 80-150 cc/hg/min. The correspond
1ng average valucs of change in buffer base ranged from —6 4 mEq/L.
to —21 mEq/L. We feel that this metabolie aaidosis is prumarily an
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mdication of a defect in oxygen tianspoit to the tissues at sub-basal
perfusion 1ates

Figure 137 Amimmals with peifusion 1ates 60-140 cc/Kg/mm iere
placed m fowr subdivisions depending upon the piesence of respira-
tory alkalosis prior to o1 at the end of perfusion A strikmg diop m
buffer base of 64 mEq/L was seen m the subdivision which had
respuatory alkalosis both prio1 to and at the termination of perfusion

Figmie 138 Further study of an example of this type was done m ar
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273 307
pH 746 pH 754
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mstance where the bufler base value fell 8 mEq/L and the pCO. wts
25 mm Ig prior to perfusion and 8 mm Mg at ats termmation Ihe
changes m plasma dlectrolvtes indicated an estimated mcrease of only
34 mEq/L m thc compartmant contammg aad racdicals, and @ drop
m sodium concentration of 6 mb /L Thus m this type of me taholi
aadosis the shuft of sodim ont of the phisma was of a greater magn!
tude than the accmulation of acd radicals This as an beopiny with
the concepts of Smder and Hastings (Modicme, 27 223-242 1915
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DR HAROID | C SWAN Rochester It scems to me that the
discussion has tahen u tiend this aftcrnoon winch may be worth
while stating more cle il We hwe got a little away from that which
15 acceptable from a clmienl standpoint as judged by the criteria of
provision of 1dcqu itc operiting time and survival of the patient These
factors arc obvioush veny important but we have evidence of physio
logieal changes with various forms of oxy genators which are compatible
with these entena for satisfacton perfusion T think that it is ver)
important to recogmze these changes and to develop technics to
1dentify more subtle alterations in the physiology of the organism dur
ing perfusion Only {n this way will data accumulate whieh will permit
the design and deyelopment of equipment better suited to problems
confronting us We had a very interesting paper from Dr Hodges and
Dr Liliche! I did not quite get the interpretation of their fndmgs What
15 the cause of these abnormalities? Were they associated with lusto-
logic change®

DR. PAUL HODGES \imnneapols Minn  In response to Dr
Swans questions it was the clock which prevented further discus
ston of results VWe feel that thero is not as yet sufficient informaton
to justify final conclusions but certainly some speculation s possible at
this time

I belicve that we Lave shown by this sensltive test that coplous quan
titles of antifoam are unnecessarv and may be undesirable due to the
excess being washed out of the reservoir chamber Antifoam A is an
extremely potent agent m reducing surface tension, active in a con
centration of one part in ten mullion Thus minimal quantitics as a thin
film only momentanly in contact wath the blood are suficlent and com
patible with good results This consideration is I beleve of impor
tanco to all oxygenator users because of the necessity of retuming to the
perfusion system the blood aspirated from the open heart In a bubble
diffusion system such as we utilize no antifoam is used in the cardiot
Omy return resenoir as a rule because the air bubbles are effectively
removed further along the system IHowever in film and membrane
tpe ovvgenators careful and rapid debubbling by contact with anti
foam silicone of the cardiotomy losses (which we have measured as high
as 1500 cc per minute in an adult tetralogy patient even with the heart
amrested and the coroniny flow cut off) 13 esscntial before return to the
O\y genator
th?:ﬁ;’: bas been 1 surprising amount of interesting discussion upon

Ject of ovvgen tension at this meeting One of the reasons that
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a more sensitive blood bramn barrier test was sought for and devel-
oped was to mvestigate this problem We have been unable to find any
indication that the oxygen tensions achieved 1 any of the several types
of bubble and film type oxygenators tested had a disturbing effect upon
the blood brain barrier, provided the patient and extracorporeal blood
are at the same temperature However, we will not consider this aspect
of the study fimshed until we have monitored the perfusions by polaro-
graphic measurements This temperature control 1s 1mportant n all
oxygenators, whether of bubble, film, or membrane type In numerous
reports from this mstitution the mmportance of maintenance of body
temperature 1n the extiacorporeal circulation has been emphasized
Some have construed this emphasis as some prejudice agaimst hypo-
thermia rather than appreciating 1its full sigmficance Plasma saturated
with ovygen at low temperatures will release mexorably oxygen bubbles
when perfused into the substantially warmer patient Trapped air bub-
bles also can be an impoitant problem before the perfusion 1s started,
unless meticulous care 1s taken to msure that the oxygenator priming
blood 15 at body temperature and 1s not taken directly out of the icebo
We keep a water bath 1n the operating suite for preliminary warming
to body temperature of all blood used for primmg or replacement
purposes

Pertinent to this discussion of oaygen tension and temperature con-
trol we should pomnt out that a recent paper on this subject (Proc Stafl
Meeting of Mayo Chnic, 32 389, 1957) harbors some obvious miscon-
ceptions These authors purported to show that a certain typc of
bubble ovygenator produced high ovygen tensions (neglecting to men-
tion that oxygenators of all types do likewise) and implied these werc
dangerous The facts are that all oxygenators (bubble, film, and mem-
brane) produce ovygen tensions n the arterialized blood to about the
same degree (which depends upon their efficiency), and considerabh
higher than normal, because 95 to 1007 oxygen 1s utihzed This mcreased
quantity of oxvgen 1s, of course, transported m the plasma Providad
the temperature factor, mentioned above, 15 controlled so that gaseous
emboli are not released, no one to date has brought forth anyv objectivt
evidence that these higher oxvegen tensions are harmful w ithin the trmne
limats of exposure hkely durmg a by-pass procedure IFurther scrutmy
of this problem, however 1 cortamly partiment simee osygen b 115101
can be kept Jower 1f neccssary

Nonetheless and this T wonld cmphasize, Doctor Tallchar b foves
p.lmd()\lc.lll\ that many of the complex mambranc and bl tvpe o

vonators which are difficult or cvenimposable to e, and v huch
=
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some cases have recireulating pumps for the already oxygenated blood
are far more dangerous to the pitient from the standpomnt of air em
bolism than is a wcll designed bubble ovygenator in which 1t is easy to
mamtain the extracorporeal blood at bodv temperature and recirculat
Ing pumps are not needed nor used

Finally 1 am sure that small particles of fbrin will continue to be
a problem until better arterial filters are avalable

Inregard to the correlation of results on the blood bram barrier study
with histologic changes all of the brams are undergoing detniled study
by our neuropathologist This portion of the study to be of any value
15 of neceasity lnborious and is still in progress Preliminary results avail
able do not indicate any detectable changes suggesting again that

this is a physiologic test and is not necessarily assoclated with histologic
changes
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MYOQCARDIAL METABOLISM*

By
Ricsiarp ] Bmwg, M D

METABOLISM OF THE ARRESTED HEART

ME‘]‘ABOLIC studies on the arrested heart have assumed mterest
because of the mtroduction of surgery on the arrested human
heart m addition an estimation of the oxygen consumption of the
arrested heart permits a more accurate evaluation of myocardial
efficiency of the beating organ In previous calculations of myo-
cardial efficiency values for the oxygen consumption of the heat

ing heart were used without making allowance for the basal
myocardiel oxygen consumption®? If the oxygen usage of the
arrested heart represents an appreciable fraction of that of the
beating organ then previous figures on myocardial efficiency have
been too low stnce the oxvgen usage of the arrested heart was
neglected m these calculations Lorber and Gregg have previously
obtamned mformetion on the oxvgen usage of the perfused, ar

rested and fibrillating heart * * The former found that the oxygen
usage of the fibrillating heart exceeds that of the rhythmucally
contracting organ by about 40% * Gregg and his co-workers found
that the oxvgen usage of the arrested heart amounted to about
168-40% of the working heart with normal sinus rhythm ¢

The subject of metabohsm of the arrested and fbrillabng per

fused heart was remvestigated with a technique which eliminated
opening of the chest and intubation of the coronary arteries®
After insertion of the catheter into the coronary sinus under
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fibnilating and arrested organ In some instances the glucose con
centration in coronary vemn blood exceeds that n the arterial
perfusate by more than 70 mg %

The obseration that the oxygen usage of the empty rhythmi
cally contracting fbnllating and arrested heart is relatively high
(20-30% of that of the naturally perfused heart in situ) necessi
tates a Te-evaluation of the calculations of myocardil efficiency
This fact has already been stressed by Gregg * It appears Likely
that myocardial efficiency of the beating heart s considerably
greater than had been previously assumed

The technic described sbove waos also utilized in examiming
the effect of mterrupting the coronary circulation on the oxygen
and substrate usage of the heart It has been reported that the
heart can remam without blood supply for almost an hour without
apparent damage * Studies were performed on the arrested heart
with coronary perfusion mnterrupted for periods ranging from
tharty minutes to four and one helf hours Control observations
were carried out on mvocardial substrate and oxygen utilization
mmediately after cardiac arrest had bheen induced Two relevant
observations were made with this technic (a) coronary circu
lation is greatly altered during cardiac arrest, and (b) the oxygen
usage of the heart increases shghtly up to two hours after cessa
ton of the coronary circulation After that period, 1t declines and
four hours after interruption of the coronary arculation the heart
ceases to utilize oxvgen. The altered state of coronary eirculation
during cardiac arrest was first suspected from the observation that
blood withdrawn from the coronary sinus seemed to onginate
from blood contained in the cardiac chambers or the pulmonary
velns In addiion when Dextran was added to the coronary

perfusate the ratio of Dextran 1 the perfusate to that in the
coronary smus blood frequently exceeded umity this mdicates
muxture of blood from sources other than the perfusate Finally
histologic studies employing special stans for red cells suggest
the opening of previously non visualized capillanes in heart
muscle following cardic arrest The observation that mvocardial
ovygen utihzation increases up to two hours after cessation of
coronany circulation illustrates that the heart can mncur an oxygen
debt provided the respiratory enzvmes are intact
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fluoroscopic contiol, a catheter was placed mto the femoral aitery
The coionary blood flow was then measwed with the mtrous
oxide method and samples of blood were diawn fiom the coronary
smus and the femoral atery for the determinations of substrates
A special tuple lumen catheter was mserted mto the left mternal
caiotid artery and the tip of this catheter was advanced to the
aottic valve The puipose of this catheter was to perfuse all the
cotonary aiteries of the ammal thiough the smus of Valsalva
Thus, escape of the blood mto the aoita and the left ventricle
had to be pievented This was accomplished by two mflatable
balloons attached to this catheter, one balloon designed to obstruct
the aorta distal to the smus of Valsalva, the other actmg as a
basier to blood flow fiom the aoita mto the left venticle thiough
the leaking aoitic valve A metal lumen catheter was then mtro-
duced mto the 11ght atirum thiough an exteinal jugular vem The
puipose of this catheter was to suction blood fiom the atium at
the commencement of peifusion, thus keeping the caidiac cham-
ber empty Cardiac 1thythm was monitored thiough an electio-
cardiogiam The tuple lumen catheter was then advanced through
the aoitic valve mto the left ventiicle and the two balloons were
inflated Perfusion of the smus of Valsalva was cainied out with a
Sigmamotor pump and blood flow mamtamed at apprommately
40 cc /mmute The volume of mflow was graphically recorded
with a 1ecoiding 10tameter The aitenal blood, pump peifusate,
and cotonaty smus blood wete analyzed fo1 oaygen, pyruvate,
lactate, glucose and ketone bodies Caidiac airest was accom-
plished by the mjection of KCI mto the smus of Valsalva, this
mduced fiist several mmutes of fibuillation duing which studies
could be canied out

The 1esults utihzing this method 1eveal that theie 1s 10 sta-
tistical difference mn the oavgen usage of the empty 1hythmlcall)'
contiacting heait and the fibillating or airested oigan’ The
oxygen usage In these preparations varies between 90-30% of that
of the natwally perfused o1gan m situ This suggests that th(;
oxygen usage of the heait 1s primanly determmed by 1ts exlena
work Usually the non-beating peifused heait extracts glucose,
pyiuvate, lactate, and ketone bodies fiom the perfusate ' Howi
eber, some metabolic distuibances are encounter ed m the perfuset
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shown the great versatility of the myocardium which is able
to utthze almost all known substrates circulating m the blood

The effect of anoua on the metabolism of the arrested heart
has been dealt with m a preceding paragraph The response of
the beating heart to ischemin or anoxia 15 remarkably uniform
varymg only in degree with the severity of the 1schemia For
example m hemorrhagic shock the degree of 1schemia is rela
tnely mmor and the metabolic changes are few * The most severe
changes are seen in \entricular fibrillation * It 1s very Iikely that m
hemorrhagic shock the metabolic alterations occurnng in the heart
muscle are veny similar to those occurring in other portions of
the body particularly m skeletal muscle® The most significant
change 1s a diminution in myvocardial pyruvate usage with an in
crease n that of lnctate In most mstances pyruvate levels
coronary vem blood exceed those of arterial blood i both the
ohgemic and normovolemic phases of shock The fact that lactate
usage by the heart 1s not interfered with in hemorrhagic shoch,
indicates that under these conditions the heart muscle 18 not forced
to rely on anaerobiosis for energy production

In experimental coronary occlusion on the other hand the
lactate concentration of coronary vein blood frequently exceeds
that in artenal blood indicating glycolvsis ' Smce myocardial
infarction leds to early coagulation necrosis enzymes from the
destroyed and dving cells are released into the blood stream and
therr activity can be detected in peripheral blood * Thus plasma
activities of malic acid dely drogenase phosphohexose isomerase
fructose aldolase and glutamic oxalacetic transammase nse within
two hours following embolization and reach a peak after twenty
four hours

In congestive fmlure metabolic alterations are absent "' Thus
m ocardial oxy gen consumption does not differ from that obtained
in normal indiiduals and substrate utihization appeers to be
equallh normal® However energy utillization 1s senously inter
fered with in congestive failure When bands of contractle pro-
tons (actomyosin) are prepared from fafling human heart muscle
obtamed 4t autopsv a marked diminution of contractihty is
found  Ths is in agreement with the obsen ation of Benson who
had previously noted some difference 1n the protein composition in
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The 1esistance of 1espnatory cnzymes 1n the anested heart m
which the coronary enculation 1s mten upted 1s more than matched
by the 1esistance of the contiactile protems of heait muscle It
could be shown that when the contiactile protem (actomyosm)
15 prepared fiom one to six hows after death of the patient, no
significant differences 1 conty actility can be demonstiated ” Tests
for differences among these gioups weie not sigmificant (p > than
05) no1 weie the differences among then 1egiession coefficients
(p > than 05) Appaiently, the contiactile piotems of heart
muscle pieserve then contiactility as late as six hows after death
The main factor 1esponsible for mieveisible cessation of cardiac
activity at the operating table 1s neither loss of contiactility of the
protems nor death of the 1espnatory enzymes, but an meversible
change m the membiane of the muscle fibexr with loss of normal
conductivity and 1hythnucity

METABOLISM OF THE BEATING HEART

In these studies the techmic of coronaiy smus cathetenzation
was utihized ** This has the disadvantage that mdividual catalytic
enzyme systems cannot be explored But these studies aie caned
out under physiological conditions without ntennuption of the
continuity of the mtermal envnonment Studies on the human
heait have mndicated that 1t can utihize considerable quantities Of
caibohydiates, fatty acids, ketone bodies, and amino acids '*
Assuming complete oxidation of caibohydiates, the aeiobic metab-
olism of these foodstuffs m man could account fo1 only appioxl-
mately 35% of the total myocaidial oxygen uptake The mam con-
tubution of the oxidative metabolism of the heait, theiefoie, 19
deirved fiom non-caibohydiate matenal Myocaidial uptake of
fatty acids 15 paiticulaily gieat after a high fat mtake,"* this
suggests the possibility of storage of fatty acids within the heait
muscle It 1s likely that this constitutes an effort of the heart 0
guaid 1ts energy production agamst a sudden declme m fuel
supply, pumauly cabohydiates The human heait also C\tmctls
considerable quantities of ammo acids and after mfusion of 1

rotein hydlolysate as much as 40% of the total ovygen npldllxt
of the heait can be accounted for by catabohsm of these sub-

2 . ) 1t 1 vivo have
strates ' * The 1esults obtamed on the human heart
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heait muscle of dogs with chiome failure compared to that of
heait muscle fiom noimal dogs ** Among these differences was a
deciease m concentiation of actomyosin, dimmished viscosity
per umt of actomyosm and decreased viscosity of response upon
addition of ATP These changes were ascuibed to alterations m
organizations of actomyosm, moie specifically to the presence of
myosm uncombmed with actin This dissociated state of actomyo-
smm may be due to physical changes m heart muscle Olson con-
cluded that heait failme m dogs leads to marked changes m the
physical-chemical properties of myosin consistent with sizable
mcieases m molecular weight ** Regardless of whether dimmished
contractility of actomyosin obtained from failing hearts 1s due to
dissociation between actin or myosim or due to physical-chemical
changes of myosmn alone, 1t 1s likely that myocardial failure 1s the
result of o1 15 accompanied by a defect m the oigans of energy
utiization of the myocardium, the contiactile protems
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was also gnen to the volume of blood flowing through the
bronchial nrtertes returning to the left atnum through the pul
monary veins This flow has been estimated by Bruner and
Schmidt® not to exceed 1.25 per cent of the cardiac output under
normal circumstances 1lowever m the presence of chronic lung
disease* or the tetrnlogy of Fallot there may be an enormous
ncrease 1n the bronchial collateral arrculation and thus a great
increase in the volume of bronchial venous return to the left
atrrum

With the nght heart by pass preparation experiments were de-
signed to study the coronary flow under conditions that might be
expected to occur during open heart surgerv Hilton and Eich
holtz® found in a careful study of the coronary flow 1n 1825 that
the coronary vessels were extremely susceptible to anoxia A fall
of oxygen saturation below 20 per cent was found to cause maxi
mel dilatation of the coronary vessels with increase m flow up to
500 per cent As hypoua or anoua might readily be expected to
occur in open heart surgery a study of the effect of hypoxia on
the coronary flow 1n the right heart by pass expeniment was under
taken and results corresponding to those of Hilton and Eich
holtz were found * There was only a modest increase in coronary
flow when the oxygen saturation of the blood was zbove 70 per
cent Below this pont the coronary flow increased rapidly With
severe hypona a rise 1 coronary flow to as high as 690 per cent
of the control values were observed After prolonged anoxia the
blood pressure and cardiac output decreased and the coronary
flows likewlse decreased (Figure 139)

Studies were also made on the effect of vasopressor drugs on
coronary flow As these drugs may be used during open heart
surgeny it was important to study the magnitude of the increase
in coronary flow ncident to the nse in aortic pressure and chtmge
mn coronan, vessel diameter A marked increase in coronary flow
follow ed the admmstration of both arterenol and Neosvnephrme
(Figure 140) The rise 1 flow was temporary nd promptly re
tumed to normal followmng discontinuance of the drug

As a result of these expenments with night heart by pass 1t
appeared that normal coronany flow as estimated for the mntact
circulation, could be expected On the other hand should hypoxia
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ONE or the problems that confronts the surgeon opeiating on
the open heait 15 the supply of blood to the heait itself Eapert-
ments weie carized out mn this laboratory m 1951 to determme
some of the charactenistics of the coionary venous 1eturn’ In
these experiments the venous retuin was 1emoved fiom the cava
through a smgle cannula and fiom the right heart through a
second cannula and then passed through a mechanical pump and
directed mto the pulmonaiy aitery The mam pulmonary artery
was secuiely ligated and ligatuies weie tied around the cavae
and the contamed cannula at the junction of the cavae with the
auricle to complete the 1solation of the 11ght side of the heart The
coronary blood was removed through the cannula placed the
right atiium and ventiicle and was collected for direct measurc-
ment duiing brief periods, in calibiated burette

“Noimal” coionaiy flows measuied m the manner described,
ranged fiom 44 to 66 cc per mmute per 100 giams of total heart
weight When expressed m terms of per cent of cardiac output
(total flow) the 1ange was 33 to 67 per cent These results wei
1 accord with the values 1epoited by Eckenhoff, Hafkenschiel and
Landmesser > At the time of our early expeniments, consideration
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occur or adrenergic drugs be given during the course of an open
heart operation, exceedingly high coronary flows might be en-
countered makmg surgery within the open heart difficult o1 1m-

p0351ble

Since these early experiments on coronary flow with bypass of
the right heart, several extra corporeal oxygenators have become
available for general use and further studies on coronary flow with
total by-pass of the heart and lungs have been reported * Further

r r en
experiments on coronary flow with total by-pass have also 1

carried out 1n this Jaboratory
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Ficore 141

being pumped out into the pulmonary artery the previously
placed higatuie around the main pulmonary artery is securely tied

The coronany flow can be directed into a burette and measured
for short penods or allowed to flow directly nto the pump oxy
genator With “Normal” flows ten to twenty second collections
of coronany flow e the rule but when flow becomes excessive
shorter collection periods are necessary Usually seventy five to
ouc hundred and occasionally as many as one hundred and fifty
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Mongiel dogs are anesthetized with nembutal and after mtuba-
tion of the tiachea the n1ght plewal cavity 1s opened thiough the
bed of the fowth 11b The pericardium 1s mesed and the superior
vena cava 1s sunnounded cential to the azygos vem The mferior
cava 1s likewise swiiounded just distal to the 11ght atrium Heavy
silk sutmes are placed but not tied aiound these vessels The
aorta 15 then sepaiated over a shoit distance fiom the pulmonary
artery and another heavy silk sutuie 1s placed but not tied around
the mam pulmonary aitery The lumen of the ascendmg aorta 1s
then paitially occluded and an mecision about one and a half
centimeters mn length 1s made thiough the wall of the occluded
portion. A 1ubbenzed fabiic tube about 10-14 centimeters long
and one and one half centimeters m diameter 1s sewed to the m-
cision m the aorta (Figuie 141) Blood 1s allowed to fill the tube
temporaily to detect the piesence of a leak at the sutme Ime
If a leak 1s found, extia sutmies a1e placed to conect 1t This tube
will serve as the aitenal inflow when 1t 1s attached to the aitenal
cucuit of the pump-oxygenator A pwse stung sutwe 1s then
placed m the 11ght atiium neai but not at the junction with the
superiol vena cava A small maision 1s made m the atiium withm
the confines of the puise sting and a plastic cannula (16-18
Fiench) with multiple peiforations near the tip 1s then mser ted
mto the auricle and passed well up mto the supenior cava A
smulai cannula (18-20 French) 1s passed thiough a second mei-
sion mto the mfenor vena cava and held fiimly m place with a
purse stiing sutme

The venous cannulae are then attached to the pump-oxygenator
and the aitenial inflow tube 1s tied secuiely m the yubbenized
fabiic tube sutwed to the ascending aoita (Figuie 142) The pump
15 then started The ligatmies around the supetior and mferiol
venae cavae aie tightened around the cannulae to msue the pass-
mg of all of the caval flow thiough these cannulae with no cscape
of caval blood mto the 11ight atitum The tip of the nght atial
appendage 15 then opened and a plastic cannula with mam pc;:
forations near 1ts tip 15 passed mto the 11ght atnum and mto the
rght ventircle This cannula 1s attached to a “Y” connector with
connections to both the measuning burette and the venous pump
of the o\ygenator To prevent any of the coronary retinn from
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bemng pumped out into the pulmonary artery the previously
placed hgature around the mair pulmonary artery 15 securely tied

The coronary flow can be directed into a burette and measured
for short penods or allowed to flow directly mto the pump oxy
genator With “Normal” flows ten to twenty second collections
of coronary flow are the rule but when flow becomes excessive
shorter collection peniods are necessary  Usually seventy five to
onc hundred and occasionally as many as one hundred and fifty
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flow determinations a1e made durmg the course of one experiment

Total flow 1s measured by a Ventur type flow meter placed i
the outflow tubing of the pump oxygenator This simple apparatus
for measuring total flow 1s reasonably accurate and easy to cali-
brate We have tried other flow meters but have returned to this
simple device

Two different pump oxygenators were used m these exper-
ments One of these, described by Kusserow,” oxygenated the

Ficure 142

blood by means of micro bubbles which were then removed mn 2
centrifuge The pump was of single roller type with wide bore tub-
mg The second oxygenator was of the membrane type described

, 109 b I "(re» 7t 2 ]”l'
by Clowes The pump used wath this oxygenator was of the n
tiple finger compression type (Sigmamotor)
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RESULTS

These experiments are still in progress and although the results
reported are valid for the experiments performed thus far con
firmation of these prelumnary findings 15 necessary before o final
report will be made

Control (“Normal”) Coronary Flows Prior to any mantpula
tions a number of observations on “pormal” coronary flow were
made The results of these studies are recorded in Table I The per
cent of total flow for these expenments with total by pass of the
heart are compared with four experiments in which coronary flow
studies were made with by pass of the right heart only The
fmdings 1 the two groups of experiments are nearly 1dentical
(Table 1)

The Influence of Hypoma on Coronary Flow Generalized hy
poxia was produced by the introduction of a 10 per cent oxygen
and 90 per cent mitrogen gas muxture mto the oxygenator in
place of 100 per cent oxygen The effect on coronary flow was
similar to that previously observed in the nght heart by pass ex
penmment (Figure 143) However because the mfluence of the low
oxygen mixture from the oxygenator was more promptly reflected
in changes 1n artenal oxygen saturation than was the same mix
ture given to the animal to breathe mn the mght heart by pass

expeniments 1t was possible to shift back to 100 per cent oxygen in
the oxygenator before the animal deteriorated from oxygen want.
As shown in the graph the coronary flow continued to rise after
the retum to 100 per cent oxygen and moderately elevated
coronary flow persisted for the remamder of the perfusion, one
hour after the low oxygen mixture had been discontmued and
forty five minutes after the artenal blood was fully saturated.

Anoda lmuted to the heart developed following the occlusion
of the ascending aorta immediately above the level of the osta
of the coronary arteries The occlusion was continued for fifteen
minutes and dunng this Hme no coronany flow occurred The
heart was allowed to continue beating and after nme munutes
ventneular fibnllation began and continued until the heart was
defibrillated seven minutes after removal of the sortic occlusion
As shown in the graph (Figure 144) on release of the clamp the
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flow determmations aie made durmg the course of one experiment

Total flow 15 measwed by a Ventun type flow meter placed m
the outflow tubing of the pumyp oxvgenator This simple apparatus
for measwng total flow 15 reasonably accuate and easy to cal-
brate We have tnied other flow meters but have returned to this
simple device

Two different pump oxygenators were used 1n these exper-
ments One of these, described by Kusserow,” oxvgenated the

Ficure 142

blood by means of micro bubbles which were then removed 1n a
centrifuge The pump was of single roller type with wide bore tub-
mg The second oxygenator was of the membrane type described
by Clowes * The pump used with this oxygenator was of the mul-
tiple finger compression type (Sigmamotor)
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coronary flow became exceeding profuse, 1eaching 80 per cent of
the total flow (Figume 145) at one time and contimuing at a high
propoition of the total flow until the animal began to deteriorate
about fo1ty mmutes later Coionary arterrovenous differences were
studied 1 this experiment and mdicated a marked deciease, most
evident m the sample taken soon after the clamp on the aoita was
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released It 1s mteresting too, that the artenal lactic acid value,
although moderately elevated when determined before the per-
fusion began, did not change appreciably thioughout the period
of perfusion In other expenments, shorter perrods of occlusion
of the ascending aorta (two—thiee mmutes) were followed by a
more moderate rise 1 coronary flow and a prompt 1eturn to nor-
mal on restoration of an oxygenated blood flow to the coionary
circulation

Anoxia Iimited to the myocardium was also produced when the
heart was temporarily stopped with the injection of a solution of
potasstum citrate mnto the ascending aorta occluded above the
ostia of the coronary arteries The heart was mamtamed 1 asystole
for a period of fifteen minutes Following release of the clamp on
the aorta and restoration of the coronaiy circulation, there was a
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marked ncrease m coroniry flow which persisted to a moderate
degree for the duration of the perfusion (one hour) (Figures 146
and 147) In another expenment (Figure 148) there was a sharp fall
in blood pressure and in both total and coronary flows after the
clamp on' the aorta was released. After a modest transfusion (170
cc) the blood pressure rose and the coronary and total flows in
creased marhedly the former far above the control level Agan
in this experiment, the coronary artenovenous oxygen difference
decreased markedly coincident wath the rise in coronary flow An
clevated coronary flow m this cxperiment like the previous one
persisted for at least one hour the duration of the perfusion

The Influence of Vasopressor Drugs on Coronary Flow As in
the right heart by pass experiments there was a marked increaso in
coronary flow following the admnistration of arterenol A larger
dose of the drug was required m the total by pass experiments to
cause a rise in blood pressure and coronany flow presumably be
cause of the dilution of the drug by the blood required to pnime the
O\ genator
The Influence of \ entnicular Fibnllation on Coronary Flow

When ventricular fibnlltion was induced in the presence of rela
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tively normal coronary flows theire was usually but not mvanably
a 11se m Jow When ventitcular fibiillation occuned spontancous]y
o1 was mduced n the piesence of laige coronary flows, no further
meiease m fow was observed In some of these expeniments there
was a fall m blood piessute, total flow and coronary flow comci-
dent with the onset of ventiicular fibiillation

DISCUSSION

al factors have long been 1ecognized as mfluencmg co10”

Sevel le by
a detailed study of these factors has been made D)

nary flow, and
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many phystologists A comprehensive contemporary study of the
coronary circulation has been made by Gregg and Sabiston
Gregg summanzes the factors controlling coronary flow as fol
lows “flow n erther coronary artery will vary directly with the
effective peifusion pressure head (aortic or central coronary pres
sure—nght atrial pressure) and with the size or mean bore of the
coronary bed The bore of the coronary bed 1s regulated to in
crease flow by changes m the intninsic smooth muscle of the coro-
nary vessels as mediated bv nervous bumoral and metabolic in
fluences (actlve coronary dilatation) and by a passive or mechani
cal mechanism arising from myocardial contracton during systole
(passive dilatnhon) **

In addition to the above factors that will influence coronary
flow duning total body perfusion direct trauma to the coronary
vessels dunng cardine surgery and resusatation may result in
changes m coronary flow There 15 some evidence from exper
ments carried out thus far that cardine manipulation and massage
espectally where the perfusion has been carried on for some time
results m a dilatation of the coronan +essels and increased coro-
man flow

One remarkble fact about coronary flow is the enormous in
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tivelv normal coronary flows theie was usually but not mvariably
arise m flow When ventricular fibrillation occurted spontancousl}
or was mduced m the presence of large coronary flows, no further
mcrease 1 fow was observed In some of these experiments there
was a fall mn blood pressure, total flow and coronary flow comct-
dent with the onset of ventricular fibrillation

DISCUSSION

Several factors have Jong been recogmized as influenang w?”'
nary flow and a detailed study of these factors has been madc by
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many physiologists A comprehensive contemporary study of the
coronary circulation has been made by Gregg and Sabiston '
Gregg summarizes tho factors controling coronary flow as fol
lows “fow in either coronary artery will vary dwrectly with the
effective perfusion pressure head (aortic or central coronary pres
sure—night atrfal pressure) and with the size or mean bore of the
coronary bed The bore of the coronary bed is regulated to in
crease flow by changes in the mtrinste smooth muscle of the coro-
nary vessels as mediated by nervous humoral and metabolic m
fluences (active coronary dilatation) and by a passne or mecham
cal mechanism ansing from m)ocardial contraction dunng sy stole
(pass e dilatation) ™

In addition to the above factors that will mfluence corppary
flow during total bods perfusion direct trauma to the coronary
vessels dunng eardinc surgert and resusaitation may result in
changes m coronan flow There 1s some evidence from expert
ments carried out thus far that cardiac manipulation and massage
espeanalhy where the perfusion has been carrded on for some time
results n a dilatation of the coronan s essels and 1ncreased coro-
nany flow

One remarkable fict about coronary How is the enormous fn
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ciease that follows the development of hypoxia ? As shown by
Lord et al,* the flow usually 1eturns promptly to normal if the
peitod of hypoxia has not been prolonged From experiments per-
formed thus far, 1t would appea: that prolonged hypoxia or anoxia
of the myocardium 1s followed by a delay n the return of the
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coronary flow to normal A constant finding with the mcreasc mn
coronary flow following a period of anoxia and accompanymng hy-
pertension 1s the decrease m coronary A-V oaygen difference
Accordmg to Gregg and Sabiston’ this might be termed “hemgn
dilatation” for the local oxvgen demands do not exceed the m-
creased oaygen supply The persistence of a decreased coronary
AV difference for about one hour after the rehefl from anoyi,
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suggests the possibality of local changes m the coronary vessels
that may be the direct result of the anoxia It will be of interest to
contwue these expenments and to prolong the period of anoda
These observations suggest that prolonged exposure of the coro
nany vessels to low oxigen tension may in some way damage the
vesscl walls at least temporanly Paul and associates™ have dem
onstrated restoration of vigorous rapid fibnllation despite thirty
to forty minutes of ventrcular fibnllation with complete myo

cardial ischerma They believe that the anerobic metabolism of the
cardiac glycogen “may be sufficient to sustain intact, for reason

able perods the labile enzyme system responsible for the genern

tion of high energy phosphates ™ Successful defibnllation of the
heart 1n their expennments was not always possible 1t is nteresting
in this regard that Weslowsk and associates™ were able to obtain
long term survivors in only 21 per cent of dogs whose myocardia
had been deprived of oxygen for thirty to sixty minutes dunng
total body perfusion These jnestigators also noted a consistent
fall in arterial blood pressure when the clamp occludmg the aorta
above the coronary ostla was released and again when the per

fusion was discontinued. In the first instance they heheve the fall
in pressure might be due to a sudden flooding of a widely dilated
coronary bed The fall in pressure following discontinuation of the
perfusion was believed to be related to mvocardial weakness
secondary to the prolonged period of anoxia

Read, Johnson and Lillchei" have observed that coronary flow

dunng total body perfusion 15 “remarkably liberal” They also
noted that “when the total body flow 15 reduced or if perfusion is
prolonged the proportion of blood passing through the myocar

dium 1ncreases favoring the heart over body organs ™ They found
that the flow through the beating empty heart was essentially the
same as that reported for the normally functioning heart The
nearly 1dentical control flow studies in the experiments with nght

heart by pass alone and with total heart by pass (Table I) would

conﬁl;m these observations Read Johnson and Lillehei believe

that “this extravagant perfusion” of the coronary circulation n

the by passed heart accounts for the favorable response of thus

organ in the presence of low total body perfusions

Finallv the wadely open coronany vessels that follow o period
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of anoxia secondaiy to occlusion of the ascending aoita may be a
significant factor m the suivival of the o1ganism as a whole Fol-
lowing prolonged myocaidial anoxia, a laige propoition of the
total cardiac output passes dnectly thiough the coronay cncula-
tion and may never 1each other parts of the systemic cuculation
On the basis of the decieased coronaiy A-V oxygen difference,
essentially a laige A-V fistula 1s established m the coionary cucu-
lation and the peupheial aitennal cnculation 1s dented this amount
of cnculating blood volume Tiansfusion under these cncum-
stances should be helpful, as noted empuically by Weslowsk and
associates,” provided the myocaidium can tunction sufficiently
well to mantam an effective perfusion pressuie

Fuither expeniments aie m piogiess to test the validity of these
caily observations and postulates It 1s possible that the coronay
cuculation 1s not only of impoitance m the smvival of the myo-
caadium but dnectly and mdnectly m the mamtenance of the
peiipheial cnculation Deliberate cardiac anest for open heart
smgely may be a safer technic provided the myocardium can be
prevented fiom mcuring an oxygen debt

SUMMARY

Expeinments on coionary flow with partial and total body pei-
fusion have been desciibed The mfluence of factois plevxously
known to effect coronary flow have been confiimed After the pro-
longed myocaidial anoxia, produced by the occlusion of the as-
cending aorta, there 1s a prolonged period of vasodilation of the
coronary vessels Following the 1elease of the aoitic occlusion, the
tempoiary mciease m coronary flow may be detinmental to the
animal
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of anoxia secondary to occlusion of the ascending aorta may be a
significant factor in the survival of the organism as a whole Fol-
lowmng prolonged myocaidial anoxia, a large proportion of the
total cardiac output passes directly through the coronary crcula-
tion and mayv never reach other parts of the systemic arculation
On the basis of the decreased coronary A-V oxygen difference,
essentially a Jarge A-V fistula 1s established m the coronary arcu-
Jation and the peripheral artenal circulation 15 demed this amount
of arculating blood volume Transfusion under these circum-
stances should be helpful, as noted empirically by Weslowsk and
associates,! provided the mvocardium can function sufficiently
well to maintam an effective perfusion pressure

Further experiments are m progress to test the validity of these
early obseryations and postulates It 1s possible that the coronary
circulation 1s not only of importance m the survival of the myo-
cardium but directlv and mdirectly 1n the mamtenance of the
peripheral crculation Deliberate cardiac arrest for open heart
surgery may be a safer technic provided the myocardium can be
pres ented from incurring an oxygen debt

SUMMARY

Experiments on coronary flow with partial and total body per-
fusion have been described The mnfluence of factors prevlously
known to effect coronary flow have been confirmed After the pro-
longed myocardial anoxia, produced by the occlusion of the as-
cending aorta, there 1s a prolonged period of vasodilation of the
coronary vessels Following the release of the aortic occlusion, the
temporary 1ncrease in coronary flow may be detrimental to the
animal
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STUDIES IN CARBOHYDRATE METABOLISM
OF THE ISOLATED DOG HEART WHILE
BEATING AND DURING INDUCED
ARREST"

By

Joun E. Jessepn, M.D.,* PauL W. Herron, M.D.,> LoreN C.
WinTERSCHED, M.D.,> Roy R. VETTO, M.D.,* and K. ALVIN
MEerENDINO, M.D.

ACCELERATING progiess m any field of endeavo: usually out-
strips the basic knowledge available mn that field Characteristi-
cally, the cunient advances m mtiacaidiac smgery have gone be-
yond complete undeistanding of basic physiology m some areas
Myocaidial metabolism 1s one of these areas Despite many ap-
parently accuiate apprasals of this metabolism mn situ or m heart-
lung preparations (Evans, 1939, Bing, 1951, 1953, 1954, Spencer,
1950, Gott, 1957, Goodale, 1953), umty of evidence 1s lacking
with regard to the composition of this metabolism The metabo-
lism of the 1solated, non-workmg or anested heait as seen 1n the
present era of caidiac suigery has little o1 no documentation

Our nterest 1 this a1ea led us to devise an experimental prcpa-
1ation which would allow a precisely contiolled study of the bio-
chemical activities of the 1solated, non-working heart while beat-
g, during and following airest
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Seattle 5, Washington
' Supported mn part by Public Iealth Service Grant No H-1110 and 11-3379,

as well as Imtiative 171 Funds from the State of Washington for Research n

Biology and Medicine
: U S Public Health Service Postdoctorate Rescarch Fellow, National Heart

Institute
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MLTIIODS

Two dogs were anesthetized with i+ Nembutal and hepann
1zed with 2 mg of heparm/kg of body weight The heart and
great vessels of the donor ammal were exposed via a bilateral
thoracotomy A catheter was placed n the brachiocephalic artery
so that the tip was neither against nor through the aortic valve
Umbilical tapes were placed loosely about the cavae

The femoral arters and vem of the other dog (perfusing dog)
were exposed and cathetenzed The femoral artery catheter was
connected to the brachiocephalic artery catheter of the donor dog
with a piece of Tygon tubing This tubing was passed through a
Sigmamotor pump which controlled the rate of perfusion The
femoral vein catheter was connected to a small chamber (defoam
ing chamber) which contained a coil of stainless steel wire coated

with antifoam Figure 149 diagrams the cross perfusion prepara
bon.

<= To femoral vein

Ficure 149
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When the above prepalations weie complete, the cavae m the
donor dog were occluded with the umbilical tapes The aorta was
clamped distal to the biachiocephalic aiter y and peifusion begun
The donor dog’s heait was then excised and suspended m a large
plastic chamber Venous blood, unde gravity flow, 1etuined to the
perfusmg dog via the defoaming chamber and femoial vem

Baselme measmements weie caned out by diawmg smul-
taneous pancd aitenal and coronaiy smus blood samples at vary-
ng time mteivals up to two hows These samples weie analyzed
as follows 1 pH (Beckman Model G pH meter), 2 hematocuit
(Van Allen, 1925), 3 hemoglobimn (Beckman B Spectiophotometer),
4 potassium (Perkin-Elmer flame photometer), 5 oaygen and
caribon dioxide (a smgle Van Slyke gas analysis appaiatus oper-
ated by one mdividual), 6 glucose (Remhold, 1953), 7 pyruvic
acid (Segal, Blan, and Wyngaaiden, 1956), 8 lactic acid (Batker
and Summerson, 1941)

In the deteimmation of lactic acid (Baiker and Summerson,
1941) 1t 1s very important to sepaiate the piotem-fiee solution from
the precipitate by centifugation followed by pipettng off the
cupernatant The piotem precipitate can be separated from th’e
supernatant by filhation However, the lactic acid present on one's
hands will cause gioss unpiedictable enois m the detexnmations
if the filter paper used for such a filhation 1s handled

Cairdiac airest was mduced with approximately 15 ml of a solu-
tion containing 1 giam of potassium citiate m 25 ml of a tenal
blood After a constant time mterval, peifusion was remstituted
and the fiist blood coming from the coronary smus sampled The
total utihization of the vailous metabohites dunng anest was esti-
mated by comparing this venous sample with an artenal sample
obtamed 1mmediately prior to anest Duimg the postaniest, per-
fusion sampling was 1epeated as m the baselne studies At the
end of each expeniment the flow was measued and the hearts
weighed, after the vessels weie excised and all available fat

trimmed
RESULTS
In our preparation the mean exchange of metabolites was as

follows
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TABLF 1
ml or mg /100 gm /min - Mels X 10°/100 gm /30 min
=+ 802 Confidence Interval

Oaveen uptako 38 = 49 508 50
Carbon Diovide output 33 = 410 41190
Clucose uptake 012145 101 40
Lectic acid uptake 11 +2.89 360
Pyruvic acid uptake 03 1 168

When the A V concentrations of the various metabolites are
plotted aganst time a group of powts 1s seen that suggests a
lLnear relationship These linear regressions of A V concentrations
of the metabohtes plotted against tme are shown m Figure 150
The lnes for glucose carbon dioxide oxgen and pyruvic acid
closely approuimate honzontal Imes Indeed their slopes are not
statistically different from the slope of a honzontal lme It is
therefore reasonable to assume that the exchange of these metab-
olites 1e omygen, carbon dionde glucose and pyruvic acid is
proceeding at a relatively stable rate regardless of the perfusion
time The mean uptake of pyruvic acid 1s so small that it does not
differ significantly from zero This suggests that there Is very
little 1f any uptake of this metabolite 1 our preparation.

The line representing lactic acid exchange appears steep How
ever 1ts slope is not significantly different from that of a honzon
tal hne The mean exchange of this metabolite has a wide confi
dence interval which reflects the wide variation of A V concen
trations These wide variations were not related to time or the
particular preparation Statistically therefore we conclude that
the metabolic processes affecting lactic acid exchange are in a
velative state of balance in our preparation Furthermore the
mean value of the A V concentration of lactic acid 15 very small
and not significantly different from zero This strongly suggests
that lactic acid 1s nexther pnmanly nhhzed nor excreted in our
preparation

The mean exchange of metabolites m the heart arrested for 30
mmutes is estimated as tabulated at the top of the next page We
estimated the energy production in 80 minutes 1n the 1solated
perfused beating heart by calculating the total number of mols of
tlucose utihized aerobically and anaerobically These yalues were
comerted to calorie equivalents by multiplying by 880 calones
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TABLE 1I

ml or mg /100 gm /30 min  Mols X 10°/100 gm /30 min
=+ 95% Confidence Interval

Ovygen 04 = 01 177
Carbon Dioude 118 =+ 02 525
Glucose 064 == 03 036
Lactic Acid 266 =+ 19 295
Pyruvic Acid 0018 = 0018 0018

Exchange and Utilization of Metabolites in the
Perfused Isolated Beating Dog's Heart

7
/G\uccﬁe/
6

54

Pyruvic Acid

Exchange and Utihization in ml or mgm /100 gm /min

—4 T T T T T 1
10 20 30 40 50 60

Time 1n mins
Ficunr 150
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and 38 calonies respectively ¢ A sunilar ealculation was carrfed out
for the metabolism durmg 30 nunutes of induced arrest A com
panson of the estumates of energy production are shown m Table
111

A stnking difference 18 apparent Carbohy drate metabolism
provided approximately 690 calories of energy in 30 mins the
beatng heart but only 03 calories m 30 mins in the arrested
heart In other words for identical penads of time the encrgy pro-
duction of carbohy drate metabolism i the arrested heart 1s only
1/2000 of that in the beating heart

Another difference betwecen the beating and the arrested heart
was found in the pII of the coronary sinus blood In the beating
heart the coronany sinus blood had a pH that averaged 735 The

TABLE I

AN ESTIMATION OF ENERGY PRODUCTION FROM CARBOHYDRATE
WETABOLISHM N THE ISOLATED DOG'S HEART DURING
PERFUSKIN AND ARREST

Type of Perhued and
Metabolram Beating {30 mm) Arrested (30 mm)

Asrobic ‘ 690 calories 2 calornes
Anasroble ‘[ 14 colones 057 calories
‘ Total 691 4 calories 257 calorles

first sample of coronary sinus blood after arrest had an average
pH of 700 Tt is not difficult to imagne the 1ll effects such an
acidosis could have on cellular integnty

DISCUSSION
‘Throughout the literature on myocardial metabolism reference

One mol of glucose metabolized acrobically contributes an esthnated 670680
Caloddes of encrgy W hen metabolired anaeroblcally a mol of glucese contributes
36-38 Cabones & Calorde (largo catorie) §s equivalent to 1000 calorles
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1s made to two featwies which seive to differentiate 1t fiom skele-
tal muscle metabolism Fust, not only glucose but also lactic acid
serves as a substiate for oaidative caibohydiate metabolism The
quantity that lactic acid contuibutes to the total ene1gy production
1s vauously estimated at 80-100% Table IV summanizes vaiious
estimates of the utihization of glucose and lactic acid and then con-
tubution to the caibohydiate ener gy production of the myocar-
dium We aie unable to confiim the utilization of lactic acid by
the myocaidium m the expernmental prepaiation herem described

Second, 1t 15 fiequently stated that the uptake of glucose and

TABLE 1V

Estimated Measured
Author Method Glucose Utilization Lactic acid Utilization Total Energy Work

Mg /100 gm./mmn |calories | Mg./100 gm/min| calories | calories| Kg meters Kg. meters
McGinty and | Isolated perfused 33 14 25 93 107 4 57 |not qven
Miller - 1933 | beating dog’s heart I
Present Study . Not
1957 612 23 11 4q 234 100 measored
Goodale and |Beating anesthetrzed -
6 74 ot given
Hockel -1953 | dogs heart in situ S8 219 46 173 392 !
~ et
Edvords et al . 43 17 79 298 | 468 | 1998 ot given
1954 J
Gott et ol
0 not given
1957 37 14 25 94 234 10
Evans Heart - Oxygenator 12 46 33 124 170 726 272
1939 Preparation
Bing et af Human In vivo 623 24 287 11 35 1494 | 525
1953 - J

lactic acd by the myocardium m a constant woiking state 15 2
function of the aitenal concentration of these compounds This
suggests that the myocaidium 15 actng as an “end-organ” to two
constantly changimg common whole blood components, 1ather
than dependmg on 1ts own needs for the complete 1egulation of
this utihzation The conelation coeflicients for glucose and Jactic
acid extiactions agamst then artenal concentiations weic caleu-
lated for our baseline studies A [ test of these conelation coeffi-
cients demonstiated that they were not wgmﬁ(_ant » Thus, om

103

—_—

“(Glucose, = 2005, t = 11192, n =13, 1< 2P < 2 Lactic aud, 1=

t = 9563, n = 32, 6< 2P < 3)
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preparation shows no corrclation between utthzition of glucose
and Jactic acid and their artennl concentrations This 1s 1 agree
ment with McCinty and Miller (1933) who were also unable to
find iy correlition between glucose and lactic acid uptake and
their arterial coneentrations Our investigation mto the piramcters
of mduced carding arrest fs only beginning As could be predicted
the energy production of an arrested heart must be verny small
Such a heart can metabolize some carbohydrte on the small
amount of available oxvgen but 1t must also depend on the ven
low encrgy producing anacrobic carbohy drate metabolism It was
not anticipated that the values of energy production m the ar
rested heart would be only 172000 of that in the beating heart
The magnitude of tlus reduction was not anticipated to he so
great Further i cstigation of the post arrest perfusion my clu
adate some “wash-out” of lache acd that accumuleted during
the arrest This would tend to increase slightly the estimation of
calorie production from the anaerobic system during arrest but
would not alter greatly the magmtude of the differences between
the beating and arrested hearts

The marhed fall in the pII of the blood resting m the coronary
crculation during arrest fs also surprising Tlus certainly suggests
that tho suspension of the arreshng compound in a buffer solu

Hon might serve to circumvent this marked acidosis and prevent
myocardial cellular damage

CONCLUSIONS

1 The carbohy drate metabolism of the 1solated, perfused beat
ing heart as described heremn 1s proceeding at a relathvely steady
;ate and glucose sen es as the primany substrate for this metaho-

1sm

2 No correlation between glucose or lactic acid uptahe and
their artenal concentrations could be found.

3 The arrested heart produces approsumately 1/2000 as much
energy from cuwbohydrate metabolism mn 2 standard inter al of
time as is produced by the perfused beating heart

4 The pll in the circulatory bed of the heart t
muns falls to levels of 7 00 arested for 30
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CARDIAC METABOLISM IN INDUCED ARREST

By
Huen I Bentaw, FRCS

I\ Juia 1855 Dr Melrose and his team at the Postgriduate
Medical School of London advocated the use of potassium citrate
for inducing elective cardiac arrest. We believed that the energ)
requrements of the resting heart would be only a very small
proportion of 1ts energy needs whilst beating and that coronary
flow could therefore be safely occluded for limited periods of
time and from our carly cxperniments we concluded that at least
fifteen minutes was safe This premise asa great many of vou know
from experience has proved correct and we have used the method
climecally as a routme The obvious question on which we had
litle evidence was the safe maximum period of arrest with full
and permanent recovery In order to investigate this and also to
shed light on the behavior of cardinc muscle when rendered
anoxic in this way we have used seveial different and to some
extent complementary methods

The hearts of some seventy rabbits were perfused by the well
known Martin Langendorff techmque and arrested for varying
penods of time in most cases repeatedly In a number of experi
ments the pulmonary artery of the isolated heart was cannulated
and the effluent representing the entire coronary flow was col
lected and determunations of the pH and lactate content made be
fore and after known penods of arrest. In another serles of exper1
ments intact dogs were used, the aorta and coronary sinus being
cannulated directly at operation The lactate content of the aortic
blood was compared with that in the coronary sinus effluent both
whilst the heart was beating and while it was being perfused after
known periods of arrest I shall deal first with the results ob-
taned 1n the 1solated heart In all our work with this technique
great care was taken in the design of the apparatus that the heart

385
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should be kept at a known constant temperature The particular
anangement which we use has been desciibed by one of our
collaborators, D1 Baker of Charing Cioss Hospital Medical
School, London In oider to provide some figures by which the
1ecovery of these hearts could be assessed we compared the am-
phitude of the ventriculai contiaction before the arrest with that
obtamnmg withm fifteen miutes of the end of each experimental
period
After fifteen mmutes airest with potassium citrate at 37°C, re-
covery was between 98% and 100% i most hearts After thirty
minutes of potassium citiate arrest at 37°C , similar results were ob-
tamed This contiasts quite strikingly with the 1esults of sumple
occlusion of coronaiy flow without prior arrest with potassium
citiate, after fifteen mimutes, recoveries were between 76% and 96%,
whereas after thnty minutes the best was 76% and most below 20%
After fo ty minutes or more of potassium citiate arrest, recovelles
were between 10% and 70% but most were of the order of 40% It
will of course be appieciated that these results are of rabbits’
hearts beating only on oxygenated Locke’s solution (A fuller de-
scription of this woik has been published elsewhere, Baker ef al,
1957 ) The next logical step was to determme the oxygen requre-
ment of the anested heait This, howeve, 1s not a very satisfactory
procedure for while 1t 1s arrested without coionary flow direct
chemical methods cannot be used, and if one adopts the alterna-
tive of mamtaming the heait arrested with a mmimum concen-
tiation of potassium citiate m a contmuous perfusion one 1s alter-
mg the conditions of the experment We have therefore sought
evidence from lactate determinations on the coionary effluent
immediately after the perfusion 1s resumed following periods of
coronary occlusion, and one can compare results obtamed with
and without prior arrest with potassium citrate (Figure 151) Here
the merease mn lactic acid concentration m the first ml of effluent
recetved from the heart after resumption of coronary flow 18
slotted agamst the time for which the coronary flow was mter-
rupted The lme on the left shows the differences obtamed m
hearts allowed to beat without coronary flow and on the night
with prior arrest by potasstum citrate Tt will be seen that thq
same concentration of lactic acid 1s attaned after five mnutes
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coronary occlusion without prior arrest as after fifteon munutes
with prior arrest. This ndeed, s the sort of change which one
would expect. In the absence of coronary flow the heart is re
spiring purely angerobically that is to say the energy is derived
principally from glycolysis as far as lactic acid The surpnsing
thing is the extent of anacrobic glycolysis n the abscnee of
any obyious work done or put into biological terms the encrgy
necessary for the prevention of entropy is considerable and may
represent as much as one third of the requirements during beat

ing This capacity of the heart for anaerobic respiration seems to
be a relatively new concept amongst biologists but can of course
be inferred from the venn fact that hearts can recover after in

duced arrest without coronann flow even without the demonstra

tion of an increase in lactic acid formatton That these results are
not due to amv chemicnl effect of the potassium citrate is demon
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should be kept at a known constant temperatuie The particular
anangement which we use has been described by one of our
collaborators, D1 Baker of Charmg Cioss Hospital Medical
School, London In oider to provide some figures by which the
recovery of these hearts could be assessed we compared the am-
plitude of the ventiicular contraction befoire the arest with that
obtammg withm fifteen mmutes of the end of each experimental
period
After fifteen mmutes arrest with potassium citrate at 37°C, re-
covery was between 98% and 100% m most hearts After thirty
minutes of potassium citrate arrest at 37°C , similar 1esults were ob-
tamed This contrasts quite strikingly with the results of simple
occlusion of coionaiy flow without prior arrest with potassium
citrate, after fifteen minutes, recoveies were between 76% and 96%,
whereas after thuty minutes the best was 76% and most below 20%
After forty mmutes or more of potassium citiate arrest, recoveries
wele between 10% and 70% but most were of the order of 40% It’
will of course be appreciated that these results are of rabbits
heaits beating only on oxygenated Locke’s solution (A fuller de-
scription of this work has been published elsewhere, Bake: et al,
1957 ) The next logical step was to determie the oxygen require-
ment of the anested heait This, howeve, 1s not a very satisfactory
procedure for while 1t 1s arrested without coionary flow direct
chemical methods cannot be used, and if one adopts the alterna-
tive of maintaiming the heart arrested with a mmimum concen-
tration of potassium citiate m a continuous perfusion one 1s alter-
ing the conditions of the experiment We have therefoie sought
evidence from lactate determinations on the coronary effluent
immediately after the perfusion 1s 1esumed following peuods of
coronary occlusion, and one can compare results obtamed with
and without piior arrest with potassium citrate (Figure 151) Here
the merease m lactic acid concentiation n the first ml of effluent
recerved from the heart after resumption of coronary flow 15
slotted agamst the time for which the coronary flow was mter-
rupted The lme on the left shows the differences obtamed 1
hearts allowed to beat without coronary flow and on the nght'
with prior arrest by potassum atrate Tt will be seen that the

same concentration of lactic acid 1s attaned after frve mmutes
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will be noticed that there is no difference in the potassium level
between the aortic blood and the coropary smnus blood When
coronary sinus perfusion is started the potassium level falls rapidly
and in this dogs heart after only 20 ml. had passed through the
coronary smus the heart began to beat At this pomt the lactate
which had started to fall then promptly began to rise again al

though the potassium continued to fall until a normal leve! was
reached A similar result is seen in the next figure (Figure 1534) in
which the dog s heart has been arrested for forty five minutes but
n this instance the beat wos not resumed immediately the potas

sium fell to alevel at which a beat should be possible This effect
has been obsenved in other experiments but the cause for this 1s not
clear This work 1s continuing and a more elaborate biochemical
investigation is planned We would like very much to perform
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LACTIC ACID PRODUCTION IN THE ARRESTED HEART
WITH CONTINUOUS PERFUSION (1)
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© O 0

Ficure 152

strated m the next figure (Figure 152) m which 1t 1s seen that if th,e
heart 1s held anested with a continuous pexfusion with Locke’s
solution contaming potassium citrate at a concentiation of 25
mg /ml 1t 1s seen that for the short peitods of ariest there 15 n0
significant diffexrence between the observed and the contiol value
and when 1t 1s prolonged for twenty miutes then the mmtial control
value 1s higher than the observed value

In the anesthetized, intact animal control samples weie taken
fiom the aorta and from the coionary smus with the heart beatmg
normally The heart was then arrested m the normal manner with
potassium citrate mn blood and at the conclusion of the experi-
mental period of arrest the coronary effluent was collected mto
5 ml aliquots and each ahquot was estimated for potassium and
for lactate InFigure 1531s shown arepresentative experiment with
the heart arrested for thirty min It will be observed that the con-
trol values for the heart beating show 10 mg % less lactic acd m the
coronary effluent than 1n the aorta That 1s to say, the heart 15
e\tractl;lg lactate from the arculating blood and usmg 1t for
energy production This has already been observed by Bing i
his classical experiments m coronary simus cannulation m nin It
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simila1 determinations m man during operations on the right side
of the heart but we have not yet felt justified m taking the addi-
tional time 1mvolved

To sum up then, during mduced caidiac arrest the heart 15
maintained mtact by anaerobic glycolysis leading to the formation
of lactic acid with the production of a Iocal acidosis Itis obviously
desirable that the glycogen stores 1n the heart should be adequate
and mmdeed a small contribution to a higher caibohydrate sub-
strate perhaps could be achieved by adding glucose to the blood
used for stoppmg the heart, but 1t 1s doubtful whether the buffer-
Ing power of normal blood and tissue could be much 1mproved
by the addition of more bicarbonate Of one thing I am cer-
tain, and that 1s that there 1s no fixed safe period of arrest It
must vary according to the condition of the heart at the time
when 1t 1s arrested, but 1t 1s probably true to say that periods m
excess of thirty minutes m patients who have been in heart failure
will carry an appreciable mortality
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simila; detetmmations m man duning operations on the right side
of the heart but we have not yet felt justified m taking the addi-
tional time mvolved

To sum up then, dumg mduced caidiac anest the heait 1s
mamtamed mtact by anaerobic glycolyss leadmg to the formation
of lactic acid with the production of a local acidosis Itis obviously
desirable that the glycogen stores in the heat should be adequate
and mndeed a small contubution to a higher caibohydiate sub-
strate perhaps could be aclieved by adding glucose to the blood
used for stoppmg the heat, but 1t 15 doubtful whether the buffer-
Ing power of noimal blood and tissue could be much 1mp10ved
by the addition of moie bicarbonate Of one thing I am cer-
tamn, and that 1s that there 15 no fixed safe period of arrest It
must vairy according to the condition of the heait at the time
when 1t 15 arrested, but 1t 1s probably true to say that periods 1m
excess of thirty minutes m patients who have been n heart falluic
will carry an appreciable mortality
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poses 1) to obsersc am biochemical devintions in the blood from
normal and 2) to obsene the water and ¢lectrolyte exchange be
tween the myocardium and scrum following use of the bubble
oxygenator perfusion and clecti e cardine arrest

PROCEDURES AND CALCULATIONS

Young adult, healthy, mongrel dogs were used Prior to sur
gery 30 mg morphine sulfate were gnen followed by light anes
thesia using intravenous sodium pentothal with a closed circuit
Mchesson system manual bag compression with a carbon diovide
absorbent (soda lime) and a cuffed tracheal tube Lead II elec-
trocardiogram and femoral artery, pressures were recorded
throughout Routine nght thoracotomy was performed and after
preparation of the vesscls 15 mg/kg body weight of heparin
were gnen Venous catheters were inserted to the superfor vena
cava via the azygos vem and to the inferior cava via the right
atnal appendage The artenal infusion catheter was placed m a
carotid arten  Venous occlusion and arterfal perfusion were
started at the same time After a short wait to be certain of an
orygenated, normally contracting heart an adequate peripheral
pressure and a stable functioning pump-oxygenator the heart
was arrested by infusmg proximal to the cross clamped aorta a
solution containing heparmized whole blood and potassium citrate
(L ml of 25% potassium citrate wath 9 ml blood) using an amount
In slight excess of that required to stop ventricular activity (usu
ally 1520 ml) After a selected period of arrest the nght atrium
Was opened and the aortic clamp removed After 200-300 ml of
blood had been perfused through the heart and removed and
discarded from the nght atrlum the atrlum was closed with a
clamp and the anumal taken off the ov genator as soon as heart
activity was normal Protamine sulfate was then infused slowly
mtravenously and after a suitable waiting period the experiment

was concluded, A
ammal protocols ny varisbles will be noted mn the individual

EXPERIMENTAL PROTOCOLS

Dog MIO Perfusion time—thirty -one minutes Arrest Hme—

t
hirteen minutes Removal of heart—thirty nine minutes later



BIOCHEMICAL STUDIES OF THE MYOCARDIUM
AFTER PERFUSION AND ARREST

By

Perer V. MouLpEr, M.D., LiLLiaAN EICHELBERGER, PH.D.,
MicaerL Roma, GeorGe R. Daicorr, M.D., and
NorMaN SmEerrs, M.D.

THROUGHOUT the peiod of development of pump-oxygenators
for cardiac by-pass, acid-base studies have been essential in order
to determme the effective but not excessive removal of carbon
dioxide from the blood ! Other acid-base studies have been cor-
related to the type of cardiac by-pass and the umt quantity of
blood flow 2

Only a few values on serum electrolytes have been Presented
thus far and Iittle evidence of any disturbance mdicated * F urther-
more, no myocardial water and electrolyte changes between the
plasma and heait muscle have been noted

For the requested purposes of this symposwum, this experl-
mental study obtamed data on the bubble oxygenator perfused
heart undergomng a period ot elective cardiac arrest (potassium
citrate) and a short recovery period Since the chemical charac-
terization of the normal dog myocardium has been shown to have
a small deviating set of values,* they are useful for comparing
with experimental subjects, such as these In addition, we have
found that the myocardium of animals subjected to total bod);
hypothermla (22-25°) 1s essentially normal under such scrutmy
It 1s regrettable that the analyses of hearts undergoing simple
perfusion cannot be mcluded here for comparison The experl-
ments to be presented were undertaken for the following pur-

From the Departments of Surgery and Biochemustry of the Umversty of Chi-
0
cag,I'hls mvestigation was supported 1n part by a grant from the Home for Desti-
tute Crnippled Children and by a research grant (HH2938) from the National fleart
Institute of the National Institutes of Health, Public Health Service

402



The Myocardium after Porfusion and Arrest 105

collected n 500 ml hottles containing 20 mg heparnm m 20 ml
of 154 m\! saline After ancsthesia was established and prior to
thoracotomn , the first blood sample was taken and at conclusion
of the evperiment another sample was tahen from the femoral
arters and the heart then quickly removed All blood samples
were taken under ofl for serum analyses Blood was defibrinated
for whole blood analyses and hematocnt determmations The
heart was treated as previously described' except that the dried
powdered tissue” was used for all analyses nstead of wet minced
tissue The following deternunations were made on the serum
pH total CO. water chloride sodium potasstum caleium mag
nesum and total mtrogen on whole blood cell volume water
chloride sodium and potassium and on heart muscle water fat
residual blood chloride sodium potassium calcium magnesium
total nitrogen and collagen nitrogen All tissue analyses were
calculated on a fat free blood free basis The chemical methods
for all the analyses were enumerated m previous papers*** De
termination of the residual volume of blood afforded correction
for the amount of constituents mn the circulating blood left in the
heart at the time of removal Since whole blood magnesium values
were not determined the values were assumed from previous
data® and used in the calculations for dogs M12 and M18 which
had unusually large volumes of residual blood

Heart tissue is considered as having an extracellular compart
ment (F) consisting of connective tissue solids (F) and extra
cellular furd (F)y and an intracellular compartment (C) consisting
of protein solids (C)s and water (H:O). In one kalogram of heart
tissue the mass of the extracellular fluid was calculated from the
chloride values ** the connectiv e tissue weight was estmated from
the collagen nitrogen values and the mtracellular segments de-
duced by difference from the total determuned myocardial water
and solids The calculations for the ionic concentrations in the

fluids and fibers are given in detail in the presentation of normal

myocardium * Parentheses ( ) represent milliequivalents or grams

per kilogram of tissue brackets | ] milkequivalents or grams per

hilogram of water and braces re ¢
grams per hilogram of phase ('} represent mulliequivalents or
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Perfusion 1ate~54 ml/kg body weight/mmute Remarks: After
1estaiting the heait, ventricular tachycaidia and then fibiillation
ensued which 1equned a smgle electric shock for defibrillation
Theie was some blood loss fiom the aorta requiring some blood
mfusion after the caidiac procedure was completed At the tmme
of 1emoval, the heart appeared normal with a smus rhythm and
producing a noxmal systemic blood piessure

Dog MI11: Peifusion time—twenty-five mmutes, Arrest time—
fourteen mmutes, Removal of hea t—twenty-eight mmutes later,
Perfusion 1ate—52 ml/kg body weight/mmute Remarks After
completion of the wash petfusion following arrest, the heart had
to be compiessed about five times as 1t inc1eased stiength of con-
tiaction

Dog M1I2: Perfusion time—thnty-two mimutes, Arrest tume—
eighteen mmutes, Removal of heart—foity-one minutes later,
Perfusion 1ate—55 ml/kg body weight/mmute Remarks Defibril-
lation with smgle shock was 1equned after 1esuscitation m this
dog as in M10

Dog M13- Perfusion time—twenty-fom minutes, Arrest time—
eighteen mimutes, Removal of heart—twenty mmutes lates, Perfu-
sion 1ate—50 ml/kg body weight/minute Remarks After the
heait had been washed and the heait 1estaited a normal 1thythm
could not be obtamed and the heait had to be aided by manual
compression Although many contractions weie effective, the
heart contmued to deteniorate and the left ventricle went mto
ugor although the 11ght ventricle continued to have effective
systole With the opportunity for differential study of a ventuicle
n rigor and one m apparently normal systole, the experiment was
concluded The 11ght ventiicle was 1emoved separately fiom the
left and major portion of the septum, so that distinct analyses
could be performed

The pump-oxygenator was the DeWall type with Sigmamotor
finger pump ° Stainless steel adaptors, Mayon plastic tubing, gum
rubber tubing, perfoiated steel oxygen plate, a double set of
Abbott stamless steel mesh filters and Dow Antifoam A Spray
were used The ovygenator was not sterihzed prior to use

Donor blood was obtamed from two to four mongrel dogs and
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collected in 500 ml bottles contuming 20 mg heparm in 20 ml
of 134 m\l salinc After anesthesia was established and prior to
thoracotomy  the first blood sample was taken and at conclusion
of the cxpeniment another sxmple was tiken from the femoral
arten and the heart then quckly removed All blood samples
were tahen under ofl for serum annlvses Blood was defibrinated
for whole blood anlvses and hematoerit determmations The
heart was treated as presviously deseribed* except that the dried
powdered tissue” was used for all anals ses mstead of wet muneed
tissue The following detcrminations were made on the scrum
pH total CO: water chlonde sodiun potassium caleum mag
nesium and total nitrogen on whole blood cell volume water
chlonde sodivm and potassium and on heart muscle water fat
residual blood, chloride sodium potassium calcium magnesium
total nitrogen and collagen nitrogen All tissue analyses were
calculated on a fat free blood free basis The chemical methods
for all the analyses were cnumerated 1n previous papers * * ® De
termmnation of the residual volume of blaod afforded correction
for the amount of constituents 1 the circulating blood left in the
heart at the time of removal Smce whole blood magnesunn Values
were not determmned, the values were assumed from previous
data™ and used n the calculations for dogs M12 and MI3 which
had unusually large volumes of residual blood

Heart tissue is considered as having an extracellular compart
ment (F) consishng of connective tissue sohds (F)x and extra
cellular fluid (F)y and an intracellular compartment (C) consisting
of protein solids (Ch and water (I,O) In one kilogram of heart
tissue the mass of the extracelluler lurd was calculated from the
chloride values * the connective tissue weight was estimated from
the collagen nitrogen values and the mtracellular segments de
duced by difference from the total determincd myocardial water
and solids The calculations for the lomic concentrations mn the
fluids and fibers are given m detail in the presentation of normal
myocardium * Parentheses ( ) represent milliequivalents or grams
per kilogram of tussue brackets [ | milhequivalents or grams per

Kilogram of water and braces { } represent milliequivalents or
grams per kilogram of phase



Latiacorporeal Circulation

406

NS} 233) YU} A pooly Jo WUIBOPY d praaday W v \
LL 80 § 80 ¢ S Lo Ls 81 S ¢ L @9 19 0 6 L U P T -
6L 88 1 06 S 1 958 8% €1 oL 9 6 8¢ 6 0L c oL (TR ,_u_b:o/_:w_—
RELY 3
& 6% 06 9 e il L 90 § wol
o - o . . L L 1 eut
o ol ¥ L 98 6 8% © 95 ¥ 86 5 L¥1 1 ael S :..c .M“_X.mf "E:“
0 oF iL e 0 351 L €6 t £8Y poo
= ~ ~ L It {onuo)y
013 15 L 06 6 91 3 €6 ¥ ¥ ¥ 0 LFI L3l [ wnaw "E::J
th I\
S 61 0l & 8 ¥ 8 65 16 11 g6 9 9 1¢ ¥ o8 0 £o 01ls AL 3
0 €9 66 ¥ 9 £11 Leg 0 1cL pooly eury
6 81 sl L 98¢ 6 S5 8 AN 0F € 8 L1 9 08l ¢ ulo E:._f"r:;
1og £5 ¢ 9 111 £ g5 L CRL poolg] Joun]
19 8 sl ¢ 8 il ¢ 3l € Len Wil qoun(]
o G3 88 ¥ L 811 S L8 0 e poog] [oduo )y
[ ¥ 01 L 86 L 60 & 05 ¢ 90 ¥ L 8tl b LIL L geo Widow [o5uo )
el I\
6 1% 99 1 1 ¢ ¢ L5 38 61 0L 3 80 LL ¢8 st of 8¢ ¢ 108 WL
0 LF oL ¥ 8 lal 0 o0 [ 10 pool pury
oSt 0% L 00 8 16 1 is ¥ L8 b 8 L1 b iol L be6 Wi g
i Of 15 0 + 011 8 0b 0 108 poof] doun(]
£t 6 1 ¢ g ofl 9 ¢ol 1 {c0 W =~ Jouog)
> OF 1L e 8 ool £ LR 0 L0S povjg (oo )
G &% <t L 6L 6 18 1 98 t 0 5 GFI (AR NS 0 130 wido {odjue )
[ 9381V
I Lo 06 [ ¥ ¢ 0 L5 10 ST 6 & S0 18 6o of 98 ¢f ¢ 108 WO
s 1F e ¢ ¢ Lol ¢ 090 ¢ 0l poopgy [vutq
9 8l £5 L ¢ 8 090 3 cL T oL 6 ¢ 8F1 1 0al ¢ Lo Wi, quut ]
9 6% 86 ¢ 1 6ol 0 88 ¢ 18L poofq] [onuo )
G €& 66 L 69 8 10 & 0L ¥ 18 3 1 L4l LIl L 1%6 E:._w__._..h:::
% oy % NQ— .w: sjuun SGE awer bo w b w b w bo w bo w t.\n.c_ _
140 puslg d h 1} g D vy vy 1)
-owa gy angsrg wd wiog, 'y u26D)j0) 0] It 0

LLUVE]] ANV 400Tg ‘NAuEg
I d1dV.L

VLV (] TVNIDIN()



The Myocardium after Pcrfusion and Arrest 407

TABIT L

DistatntT1ox oF WaTrn Axp Frectuor rres Dera rey Srmey an
Ttrp Buoon ¢ rrs

o 1o o \a A
om m.rq neq L
e
Control “erum 0t "7 us 117 1 131
Fial Serum 88 D33 120 § 118 3 370
Contral Cell e a5 7 03 103 4 647
Fira! Cells "2 o104 617 o718 8 00
M1
Control Serum i 0240 s 119 2 + 20
Donor Seram a9 6 LR 436 112 3 511
Final Serum 30 020 7 131 8 148 3 87
Control Celfs 16 2 610 6 178 02 0 783
Donor Cella 0 4 633 0 30 0 78 2 7 80
Final Cells 170 o - 700 [} 5 6t
M2
Control Serum [ 041 8 u7 8 18 7 4 08
Denor Serum 06 037 8 124 D 13 8 512
Final Serum 370 219 2 120 6 147 8 319
Control Crdfs 92 031 8 503 87 8 510
Daoner Cells 30 1 oo 2 48 2 &0 0 5 3t
Final Celly 630 03 2 621 05 5 87
el
trol Serom 53 4 019 0 128 7 147 0 + T
Fina] Serum 57 0l 3 122 1 1y 8 498
Control Cefly e 028 0 502 118 7 710
Final Celly 33 o 7 535 116 4 Iyt

Umts are expressed yer Lilogram ¢ f tiesue or flnd

RESULTS

The origmal data for serum whole blood and heart muscle are
ghen in Tablo I the serum and calculated red cell constituents
ure recorded in Table II When the final experimental values are
i‘;‘:}lpﬂf“@d with the control values it will be noted that the serum

" m; Rater remained relatively constant Likewise the sodum
Ehnn c“‘lmA?ﬂCium and magnesfum concentrations remaied un
. \nlg:m of ;g(’\lgh the cell volume of Dog M12 fncreased from
puriod th ber cent to 63 per cent during the experimental
B emfica ﬂe concentrations of the blood constituents were not
“%81 lh:h; different The low serum pH and Incarbonate along

gh chloride values indicate a metabolic acidosis Fig
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BUBBLE OXYGENATOR PERFUSION T CARDIAG ARREST
SERUM ACID-BASE ELECTROLYTES

50_ 45 _
BUFFER
PH Pco, 40] BASE 35 |
MM HG MEQ L \
30 25 |
50.
150
CL N A o K
M EQ, 118 ] M EQ, 148 <3 M EQ/4 O
. pA 9
146
14 | 30]
MIO o— o MI2 e—e—oe
MIl e———¢ MI3 e—o—e P.RE__fOST

Fic 155 Serum acid-base and electrolyte data on dogs perfused with bubble
type osygenator and having elective cardiac arrest with potassium citrate
The low pH and buffer base mdicate a metabolic acidosis The Iugh fixed
acid anion, chloride, corroborates this finding Dog M13 staited the proce-
dure (after anesthesia) mn metabolc acidosis The elevated final pCO: for
serum of M12 indicates inadequate ventilation

uie 155 graphically 1epiesents the calculated acid-base data along
with the buffer base quantities 1ead fiom the Smngei-Hastings
nomogram ** Although the majoiity of the animals attempted to
compensate fo1 the metabolic acidosis, Dog M12 had an elevated
pCO: mdicating poor 1espnatory compensation as a result of
madequate ventilation The donor bloods used m all of these
expenmments were not protected fiom CO. loss before the perfusion
was begun When the expeiimental myocaidial data are com-
pared with those fiom a control series,* the followmg observations
can be made In Dogs MI10 and M11 the concentrations of con-
stituents per kilogram of fat-fiee blood-free myocardiam are not
different fiom the control values In Dogs M12 and M13, how-
ever, therte are many defimte deviations and wrregularities from
the controls As mdicated above, the heart of Dog MI13 was
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divided into night and kit ventnicles and analyzed separately
For some reason the heart muscle of Dog MI2 and the left ven
tricle of \13 both showcd an clevation of the total water content
and significant increases in chloride sodinm and ealetum values ac
companied by marked deercases m potassium content The night
ventricular myocirdium had a similar water content although a
lesser elevation of the chlonde sodium and etlcium and a higher
magnestum content Thus despite carcfully controlled expen
mental procedures in all antmals this marked diwergence from
normal of the electrolyte pattern occurred m the hearts of M12
and M13

The nitrogen values of all the hearts mdicate a rolativly sirular
cell protem (total nitrogen) content as well as a similar connec
tive tissue mass (collagen nitrogen)

The quantity of ncutral fat (1-3%) found in these experimental
hearts 15 normal The volume of circulatory blood remaming in
the hearts of M10 M11 and M12 was approximately the same as
found 1n the control hearts (approsimately 25 ml) while the
quantity left in the ventricles of Dog MI13 was extremely high
(78 ml) although some of this blood probably represents hemor
thagic extravasation

TABLE TII
Trase Mans Dats ror Myocaroroum
Meextracellular compartment +mtracellular rtment = (F)4-(C)

~grams of extracellular compartment = (Fla4+(Fu
wolids in

<('g:-t\-ltm of connective tissoe the extracellular compartment
= gramy of ultrafiltrate m the etracellolar compartment

C) = grams of intracellular compartment = (H;0)e+-(C)s = 1000 — (F)
(Chn=grams of solds of the intracellular compartment =total solsds—(F)s
(H;0)cm gramy of mtracellular water per kilogram of muscle
1HO}c=grams of water per kilogram of muscle cells
¥ (F) ©
H O
L T W W A
o Om Gm Gm Gm
Nl 10 1000 3 261 439 le8
:{ }é :a as 4 56 167 ;gg
M s a1 457 383 154 jali =~
Left \ ntncle 1000 33 312
Rigl t Ventricle 1000 32 360 ﬁ }ﬁ %‘3}

All valoes are expres-ed per Lilogram of fat-free blood free trevue



410 Iafracorpoieal Cuculation

PHASE MASS DATA FOR | K6 HEART
CONTROL DOGS

GELL 0
SELL % 76 76 77 76 {10l
IOOOT
900
290 25 261|) £
800/
700 O 1,0,
o = -((: )cs;)
500, / 270
/ N B
400 Sl4 548 538
/ C
300)
200, /
o] L 67 68
0. ..
GONTROL  HYPOTHERMIA  CONTROL
DAYS 87-124  l42-218
(5) (6) (8) (19)
E —Extracellular phase C —Intracellular phase
L]—(H,0),—extracellular water §74—(H,0).—Intracellular water

Il —(F),—connective tissue solhds Bd—(C),—Cell sohds

Fic 156 Contiol data for phases of dog hearts The first two columns repie-
sent age control normals’ mdicating a small deciease 1n ext acellular water mn
the two age gioups The third column repiesents a somewhat older group
of dogs that underwent total body hypothermia and these phases as well as
cation distribution data fell into the normal range with httle deviation and
are added with the others to form a group of dogs of an age comparab]c to
those m this studv, therefore, column 4 represents the findings on these
nmeteen dogs

CALCULATED DATA

Table III shows the mass phase data and cell wate: content on
the 4 heaits of the dogs m this study These patteins of the mass
of the extra- and mtiacellular compartments m one kilogram of
tissue will be compared with the patteins obtamed on a collected
contiol group of normal heaits * Smee these contiol groups cover
primanly the puppy hfe span, eight older young adult dogs that
were used m expermments followmg the mduction of total body
hypothermia® were mcluded Therefore, for this presentation the
means from the thice sets of anmmals will he used as contiol
values Figure 156 graphically illustiates the mass phasc data of
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these contral animals in groups and s a collective total with a
surprising uniformity  throughout  Criphic companison of the
phase mass patterns of the evperimental heart with the collected
control groups of hearts shows that MI10 and MIL hearts are
within normal limits The heart of Dog M12 which was grossly
normal functiomng; adequately wd assocated with a normal
electrocardfogram  reveals a large extracellulr compartment
caused by an increase m the watcr (extracellular edema) Although
the cells show a decrensed cell water content it was not enough
to account for all of the merease in the extracellular compartment
The nght ventricle of Dog M13 also reveals an extracellular
edemn, and the left ventricle which was 1n rigor has an enormous
extracellular compartment mass (with normal connective tissue
mass) In the left ventricle the cell water content was low while
the contracting night yentricle had a normal cell water content
The partition of the cations potassium and magnesum be
tween the extrn and intracellular compartments 1s given m detail
in Tables TV and V The amounts of these cations in the extra
cellular compartment are small while the intracellular quantities
ore large The heart fiber concentrations expressed per kalogram
of heart fibers and per kilogram of heart fiber water are graphi

TABTF IV
DrytrmuTiox oF Tor venitd Berwer~ SERTY A¥D \[Y0C ARDITM
[K=m.eq of potasmum per kilogram of extracellular water
1 Jmwmeq of potavaum per kilogram of musclo
N (FuAClem eq in the ultrafilirate of the extrucellular compartment that 13 not associ
ated with the conpective tryne soluls
\voc.=req of potasuum swocated with the connechve tissne sofids in extira
AF)s  cellular conpartment =3 txm.{mo
In (C)=m.eq of potamaum in the mtracellular compartment (K)ym—h 1n )
IKle=m.eq of potassium per kilogram of muscle fibers = (K)e /(€)X 1000
_ [Kie=m.eq of potaseium per Lilogram of muscle fiber water= (Kic/(IT,0)e X 1000

e

wn (F)
™ 14
[R1f (Bm  (FxACT (Fs = (M [R) [Kk
ey meg neg m.eq m.eq =y meg
S Sl Sk Ao S
glllu 3 00 Ry Q3 a 81 118 % 09 12 ¢ 118 7
“11 303 TIoR 088 110 7600 184 1R7
“}; 30 B 145 110 48 RO 853 1370
Left \entride 5
12 8490 230 11 a5 778 17
Right Ventrice 312 62-0 130 109 588 e 182 5
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PHASE MASS DATA FOR | KG HEART
DOGS

V?AFTLELR % 76 {H,0}
o 7
TR 7 76 70 66 75 H, 05,
900 -
2611)E 26| 274 452 [512 360
800 -
700.
0= w01,
600
W-(F)g
500 :
'(HZO)C
400 538 539 526 4
C 363 [302| | &)
3004
200/ / / /
1004 1681 166 # %ﬁ 153 155
0.
CONTROL MIO  MII M2 | gpTMI3 RiGHT
(19 DOGS) VENTRICLE

Fic 157 The phase data on the nineteen contiol dogs (column 1) are com-
pared with the individual experimental findings The findings m M10 and
M11 are normal M12 and both ventricles of M13 show an mcrease m extra-
cellular water and a decreased intracellular water content

cally 1llustrated m Figuies 158 and 159 along with the contiol val-
ues The findings m M10 and M11 agan are withm normal Iimts
M12 heart has a low cell potasstum concentiation, but the de-
creased cell water content biought the potassium concentiation to
a normal value per kilogram of cell water to normal values Mag-
nesium concentrations in the above thiee dogs were withm no: mal

TABLL V
DisTRIBUTION 0F MAGNFSIT Brrw ey St ann Mrocanniory
[Myglf (Wgym Vgin(I') Mg (C) [ Wglc [yl
m eq meq meq m eq meq m ': q L
T . T T T~ o7
MM O10 1 69 15 0% 0 4t 1t 6 20 7 <!
AYERR! 1 5t 13 &2 0 42 19 10 1 ;-)" 5
AR E 1 83 1T 31 0 K3 10 16 20 1 28 8
AY B I : i e "t
Ventricle 155 13 4% 093 13 33 77
k(l{!tht (\l(ntruk 1 83 16 27 066 17 61 Mg i

e
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BUBBLE OXYGENATOR PERFUSION T CARDIAC ARREST

DOGS
MYOGARDIAL INTRAGCELLULAR GATION
38!
POTASSIUM {wdg -;L[t“o Kr.m:[:’.:n
10 (K], ¥ £a PoTassium
1o PER XG CELL WATER
g 00
q .
[o]
a e
o 0
W
=
o
CONTROL MIO M WIZ  LEFT MI3 RigHT
(19 Doss) VENTRIGLE

Fia 158 Concentrations of potassium In the colls and cell water of the heart
muscls of the nineteen control dogs are compared with the individual expen
mental date. The findings 1n M10 and M1 are normal The fiber content of
potassium in M12 and M13 is low however with decreased cell waters
there is Jets abnormality in the concentration in this compartment,

values M13 heart on the other hand presents abnormal findings
and as anticipated the disturbances are more severe in tho left
ventricle It will be noted that a marked decrease in the potassum

TABIE VI
Doymamurion or S8oproy Berwesy Sency axp Mryocirpiou

I (F)
[Valf (Nam ANa*
meg g A(F)aACTHe(F)s meq
ey ey
- .
Mo 152 4 2 20 a7 6 87 3
% ‘15 }ﬁ : 48 83 338 667 8 g
NI 581 (.58 6 168
Left Ventncle 152 2 009 70 1
Night Ventncle 152 @ LI ] g % % ;

Unit are expreswed per Lilogram of blood-free fat rrue
ANa=difference between determined I-Ddlr;) l.nd—h:ﬂ:lntcd sodwam in (F)
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of the heart fibers and heait fiber water was accompanied by an
mcrease m the magnesium concentrations

Sodium 1s pimauly an extracellular cation, mn fact, for many
tissues the sodium values can be used for estimating the extra-
cellulas compaitment Table VI shows the distribution of sodium
m the varous sites with a ANa mmdicating the difference between

BUBBLE OXYGENATOR PERFUSION T CARDIAC ARREST

DOGS
MYOCARDIAL INTRACELLULAR CATION
MAGNESIUM
40_
=
D 30 gMGic Enehr:vgsqum
5 PER K
GELLS
UZJ Mg M EQ
204 C MAGNESIUM
2 30] 27 26 29 41 39 PE?[_KG
= SIATER
L‘c’_l 10 20/ 28} |29/
=
0
CONTROL M 10 ML MI2  LEFT MI3 RIGHT
(19 DOGS) VENTRICGLE

F1c 159 Concentrations of magnesium m the cells and cell water of the heart
muscle of the nineteen control dogs are compared with the mndividual exper li
mental data The findings m M10, M11 and M12 are normal The fiber an
fiber water content of magnesium 1n the ventricles of M13 are high

the calculated concentration of the sodum i the extracellular
compaitment and the determimed sodium of the whole heart
muscle The ANa i M10 1s normal (37meq) Those of M1l
and the nght ventiicle of M13 are somewhat elevated (83 and
76 m eq ), while those of MI2 and left ventiicle of M13 arc quite
high (16 8 and 14 1meq) -

Calculations of the distribution of the calcium are not as prectse
as those of the other cations since there arc no available values
for the amount associated with the connective tissue IHowaever,

after deducting the amount of calcium in the extracellular flnd
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TABIL VI
DivrmmtTioy or Canoes Browers Seavw axn Yhooannes

[Calf ({a)m In(F) Ala

m.ry mrg m.eq m.eq

Mo 102 282 [y 164

M1 260 ¢ 0 073 107

M 260 623 1 [
M3

Left Ventrcle ? 37 [ i 1l 550

Right \ entncle 2387 ER-3 085 2 67

ACawdifference betneen ketermineld cakewn (Ca)m amd estimated caleium in (F)

from the total determined caleium salues there remains an amount
of caleium labeled ACa Normally this ACa 1s about one milll
equivalent The ACa for the hearts of M10 and M1 are normal
(16and 19 meq) that of the right ventricle of the myocardium
of M13 15 clevated (26 meq) and those of M12 and the left

ventncle of M13 arc extremely high (498 and 55 meq)* See
Table VII

DISCUSSION

These studies on a few animals have been fortunate in that
two corroborated chemically the apparent normality of the heart
following the experimental cardiac by pass with the use of a
pump-oxy genator {(bubble type) and elective cardiac arrest while
one heart, to all appearance normal proved to have an extra
cellular edema and moderate disturbances in catfon distribu
tion The fourth heart was in obvious mortal difficulty with these
Inochemical abnormalities even more severe

The only common abnormality found n all of the experimental
dogs was a final metabolic acidosis indicated by a low serum pH
lowered buffer base and an elovated fixed acid (serum chlonde
content) (Fig 155)?

The acute extracellular edema found m the myocardwm of
Dogs M12 and MI83 is not explanable at present Evidently the
heart fibers compensated in part for the large increases in the
extracellular fluids with the result that the cell water decreased
somewhat (Fig 157) but not enough for complete compensation
the remamder must have been acquired from the vascular bed
The shift of water from the cellular compartment of a tissue to



414 Ixtracorporeal Circulation

of the heart fibers and heait fiber water was accompanied by an
mceicasc m the magnesium concentiations

Sodium 15 pumanly an eatracellular cation, i fact, for many
tissues the sodium values can be used for estimating the extra-
cellular compartment Table VI shows the distribution of sodum
m the vaious sites with a ANa mmdicating the difference between

BUBBLE OXYGENATOR PERFUSION © CARDIAC ARREST

DOGS
MYOCARDIAL INTRACELLULAR CATION
MAGNESIUM
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=
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2 3, Daes
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< 30 27 26 2 . s PEELKG
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F1c 159 Concentrations of magnesium 1 the cells and cell water of the heart

muscle of the nineteen control dogs are compared with the mdividual eapert-
mental data The findings m M10, M11 and M12 are normal The fiber and
fiber water content of magnesmum 1n the ventricles of M18 are lugh

the calculated concentration of the sodium m the extracellular
compartment and the determined sodium of the whole heait
muscle The ANa m MI0 1s normal (37meq) Those of MI11
and the right ventiicle of M13 are somewhat elevated (83 and
76 meq), while those of M12 and left ventricle of M13 are quite
high (16 8 and 14 1 meq )

Calculations of the distribution of the calcium aie not as precise
as those of the other cations since theie are no available values
for the amount associated with the connective tissue However,
after deducting the amount of calcrum m the extracellular flud
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cardial caleium content, so that some other factor such as ioniza
tion must be considered f the excess caleium fs to be implicated

It must be emphasized that these abnormalities occurred fol
lowing two separite procedures perfusion and arrest and at
present cannot be separited Turthermore these data should be
interpreted only to indicate what e happen under these cir
cumstances (two animal hearts were normal) and are not ncees
sarily a common occurrence In retrospect we have noted that
these four experiments were pesformed at a time of personnel
change and this could contribute to the factor of adequacy of
the mechanics of the perfusion

If the edema seen in the normal appeanng heart of MI2 s o
generalzed finding then this may be a clue to some of the prob-
lems in thus field such as obvious cerebral complications delayed
“unexplained” deaths and difficulties in measuring blood balance
Cerebral edema could explain the first two findings which at
present, are being related to fibrin and air emboli Any generalized
edema would falsify weight studies as an indicator for determin
ing the adequacy of blood transfusions

On the basis of these findings a few animals showing some cere-
bral disturbance after thirty minutes of perfusion have been given
50 per cent glucose ntravenously and have showed a temporary
response however other forms of cerebral damage might be
associated with edema and respond sumilarly

SUMMARY

Water electrolyte and nitrogen content of the blood and myo-
cardium were observed in normal dogs before (control senes for
mjocardium) and after the expenmental production of a cardmc
by pass with the uso of the bubble type of pump-oxy genator and
elective cardiac arrest with potassium citrate The pertinent find
ings mav be suramarized as follows

1 The common abnormality found m the four experimental
dogs was a final metabolic acidosis indicated by a low serum pH
lowered buffer base and an eley ated serum chloride content P

2 The histochemical charactenzation of the experimental
hearts from the four dogs showed that two of them corroborated
chemically the apparent normelity of the heart while the other
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the mterstitial fld compaitment 1s always caused by a decrease
m the osmotic pressuie withm the cells Since the osmotic pres-
swie of muiacellular fluids 15 largely determmed by the concen-
tiation of potassium and since potasstum was found to be low,
some shift in water 1esulted

A loss of the mam cellulai cation, potassium, 15 generally assoct-
ated with a gain of some other cation m order to maintam osmotic
equilibiium within a tissue Many mvestigators' '* have shown
that when potassium leaves a tissue cell, sodium enters If we
assume that the ANa values 1epresent the amount of sodium
that entered these heart fibeis after the loss of the potassium, the
amount of sodium that enteied the cell can be calculated For
example, m Dog M12 the ANa was 168 meq per 363 gm of
mtiacellula1 water o1 46 2 m eq /kg of heait fiber water, or n the
left venticle of M13 the ANa was 141 m eq m 302 gm of mntra-
cellulas water o1 466 meq /kg of heart fiber water It seems,
therefore, that under the conditions of these tissues some sodum
has entered the muscle fiber Inteiestingly enough these two
dogs also showed laige losses of mtiacellular potassium, the fig-
wes for [K]c bemg 1370 and 117 2 meq Smce the wate of the
heart fibers decieased to such an extent that the peicentage of
heart fiber water was lower than m the contiol heart and the
potassium concentration was also low, there 1s evidence that the
mternal structwe of the heait fibers must have changed duimg
this experimental period

The calculations on these data assume metabolizing tissue,
the actively contiacting state of all except the left ventucle of
M13 stiengthens this assumption

The laige quantities of calcium found m the heaits of M12
and the left ventiicle of M13 cannot be explamed at this time
Work 1s 1n progress seeking an explanation The pi1esence of 11go1
mn the left ventricle of M13 1s similar to that produced expert-
mentally with an excess of calcium, which 1s reheved by mfusion
of potassium salts This 11gor has been seen on occasion 1N the
Jeteriorated heart, experimentally and climcally, and has farled
to respond to potassium mfusion (even mto the coronary systcm)r
It should also be noted that the heart of MI12 was contracting
while the other was m rigor and both had similar myo-

and

normally
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two had an acute extracellular cdema accompanied by dehydra-
tion of the heait fibers In the two abnormal heaits theie was a
stuking 1eduction of the heait fiber potassium content and the
probability that some of the loss of mtiacellular potassium was
compensated by a gam m sodium

3 A maiked divergence of the electiolyte patterns from normal
was associated with the changes m the volume 1elationships be-
tween the eatia- and mtiacellulay phases m these heaits
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TERMINATION OF K CIT ASYSTOLE
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In this latter group there were numerous determinations indicating a
marked acidosls of the \enous blood with pH values as Jow as 6 85 Thus
acidosis was not only metabolic but also respiratory as indicated by large
values of pCO,; In the venous blood leaving the myocardium
Measurcments of oxygen and carbon dioxide exchanges during the
recoveny period were made and shown m Figure 160 It is noted that
there was frequently a two to three fold mncrease in carbon dioxide
release during the first fow minutes of this perlod, and that oxygen
consumptions had a much smaller variation

DR ALBERT B LOWENFELS New York I would like to com

ment on Dr Glenns paper dealing with coronary flow during total
body perfusion



DISCUSSIONS ON METABOLISM OF THE HEART

DR ROBERT G PONTIUS, Boston We have been interested i
the metabolism of the airested heart as 1t resumes its normal cardiac
action, and have measured coronary blood flow, blood pH values,
ovygen and caibon dionide gas exchanges

In a series of experimental ammals extracorporeal circulation was
established and potassium citrate arrest induced, Figure 161 Upon
termmation of the anest, usually after thirty minutes, a series of deter-
minations were made on coronary blood, using simultaneous arterial
and venous blood samples, i an attempt to establish the metabolc
pattern as the heart progiessed from arrest toward resumption of nor-
mal action The observations 1n mstances of resumption of normal smus
rhythm within two minutes are indicated by circles and those mstances
of delays of more than three minutes are indicated by dots, Figure 161

TERMINATION OF KCIT ASYSTOLE
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TERMINATION OF K CIT ASYSTOLE

YENOUS MYOCARDIAL BLOOD

1409

TINE NN TINE MIN
Ficure 161 (Pontius)

f:a:l:fdlmﬁ group there were numerous determinations indicating a
ﬂcldoshnddm of the \ enous blood with pI values as low as 8 85 This
values Ofwax not only metabolic but also respiratory as indicated by large
\Ieam,pCO’ in the venous blood leaving the myocardium
recoy ements of oxygen and carbon dioxide exchanges durmg the
thne?asp?IOd were made and shown in Figure 160 It is noted that
Telease duﬂ;quem}y a two- to three fold increase in carbon dioxide
consumptoy & the fint fow minutes of this pernod and that oxygen
Ptions had a much smaller variation
D
mcn}tlu:L[];,EIg B LOWENFELS New York I would like to com
body perfusion, cins paper dealing with coronary flow during total
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I CORONARY FLOW AS INFLUENCED BY ANOXIA

X CONTROL CORONARY FLOW
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Ficure 164

Our experimental set up was that of total body perfusion using a
large bubble oxygenator A catheter was placed in the right main pul
monary artery and the coronary venous blood collected We used a
graduated cylinder and a stop watch to measure the yvenous return

In Figure 162 are shown data from g group of dogs The crosshatches
are control values for coronary blood flow Following this the aorta
was cross-clamped and blood flows were measured after a three minute
period of occlusion Like Dr Glenn we can point to a tremendous in
crease in the coronary blood flow following release of coronary oeclu
son

Data from a group of six dogs showing the effect of ventncular fibril
lation on coronary blood flow are presented in Figure 163 Tho black
boxes represent control coronary flow Subsequcntly ventricular fibril
lation was produced electrically and 1n every instance the blood flow
increased \When the ventricular fibrdllation was abolushed, the coronary
blood flow returned almost to normal values

We were interested i the partition of blood flow between the various
coronany arteries Figure 164 The top horzontal column Tepresents
100% blood flow through the coronary arteres in a sin

gle canine ex
periment. Then we performed serial ligations of all the coronar,
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arterles and the 1emaming columns show the effect of these ligations
on the total coronary flow

DR JOHN I PERKINS, JR, Chicago I would like to call to your
attention two terms used by Sir Thomas Lewis about thirty years ago
The fiist term 15 “1eactive hyperemia,” which has been mentioned so
often with regard to the mncreased blood flow seen after release of
occlusion of the artery to an arm This 1s n contrast to “active hyper-
emia,” which occurs during exercise In the heart this reactive hyper-
ema 1s presumably gomg on all the tme In these two types of hy-
perenua, there 1s active dilatation of the arterioles and also capillanes,
due to the 1¢elease of various metabolites such as lactic actid Dr Pontius
said something very mteresting mn this connection, 1n that he found both
metabolic and respiratory acidosis 1 blood taken immediately after
occlusion of an artery This metabolic acidosis was, of course, due 0
the addition of lactic acid wlich depletes the blood bicarbonate, and
the respiratory acidosis m his experiment was due to the accumulation
of CO, which was not yet washed out by the lungs The respiratory
actdosis will soon be corrected by the action of the respiratory center,
producing mncreased ventilation and removal of the excess CO:

DR JOSEPH W GILBERT, Bethesda We have employed 2
modified Langendorff preparation in the study of myocardial metabo-
hsm during elective asystole, perfusing the arrested heart with artenial
blood contammng potassium citrate Oxygen consumption, CO. pro-
duction, and the extraction of carbohydrate and fatty acid substrates
have been found to be markedly reduced during diastolic arrest when
the chambers of the heart are empty If, however, the heart 1s allowed
to distend during cardio-pulmonary by-pass with blood from the
coronary simus and pulmonary vemns, its metabolic requirements arc
considerably mncreased This underscores the need for decompressing
the arrested by-passed heart 1n order to prevent dilatation and to facih-
tate restoration of satisfactory contraction

Yesterday Doctor Moore suggested the use of curare to reduce the
oxygen requirement of the musculature during total body perfusmn
Because of the role of potassium in famihal periodic paralysis, wheremn
metabolism 1s substantially dimimmished, we have perfused the hind hmb
of the dog with artenial blood contaming potassium citrate 1 approz
mately 3% concentration and have observed a marked decrease 1111
ovygen extraction across the skeletal muscle under these conditions
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dont of coursc feel justificd fn drawing conclusions from this single
observation made—1n f1ct—just beforc leaving for this mecting but in
the light of Doctor \Moorc s suggestion the finding scemed proyoeative

DR. CHARLES DUBOST TPans 1 would like to start with a pre
liminary report concerming a stors about coronry circulation in total
body perfusion

We have used the mcthod shown in Figure 165 to measure coronary
blood flow This technie involves the placement of a catheter in the
coronary sinus and another in the pulmonary artery

This slide shows the results of our measurements with the aging of
the preparation. Each suceceding measurement is separated from the
neatby ten to fifteen minutes Figure 166

This slide shows the influence of the artificial output on the heart
rate Figure 167

This slide shows an excellent relationship between the coronary
flow and the artificial output You see that it is represented by a straight
line Figure 168

Ttus slide shows the relationship between systemic flow and systemic
pressure, Figure 169

FROM PuUMP

TO PUMP

CAP

Figure 1685 (Dubost)
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Figure 4 showing the excellent correlation between coronary flow
and artificzal output (AF = mimmum flow permmttng
survival)

Ficure 168 (Dubost)

This shows the diminution of the A-V difference mm ovygen as the
artificial systemic output increases, Figure 170

This shows the stability of ovygen consumption at 75 and 30 per
cent of the basic cardiac output, and the decrease at 25 pur ocent
Figure 171

In summars we can say that the heart rate 1s markedly slowed dnring
our e\perlménts Cooling of the myocardium plays an important part.
but sometimes 1t 15 not the whole effcet, and other factors are snh-
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Figure 7 showling the relation between systemic flow and svitemic
pressure. (AF = minimum flow compatible wath sur fval)

Figure 169 (Dubost)

mitted for explanation. Coronary flow is a simple linear function of
artificfal systemic fow and of the mean arterial pressure as the latter
it literally Imbed with the former Oxygen consumption in the by passed
heart remains constant when artificial flow decreases from 100 to 50 per
cent of the basal eardiac output, but ox gen consumption dimunishes
markedly at the 25 per cent level These findings have led us to think
that cvtracorporeal arculabion for surgical purposes should be per

put

formed under artificial fows higher than 232 of the basal cardiac out
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Figure 5 showing the diminution of arterio venal difference
in oxygene when artificial systemic output is

increasing.

Ficure 170 (Dubost)

DR STANLEY ] SARNOFF, Bethesda I think 1t 1s rather disturb-
ng to consider the data which indicate that the ovygen consumplion
of the arrested heart, as Dr Bing told me last might, 15 somewhre

cen 30 and 40 per cent of the beating heart This s a hological

betw
v oown

phenomenon which I find very difficult to reconale with m

C\pCI‘lCIlCCS

Dr \Winterscheid’s figures were very mteresting n that with o little
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Figure 8 showing the stability of ovygen consumption at 100 75 and 50% of basic
cardinc output, and its decrease at 25%

Ficure 171 (Dubost)

rough calculation one comes up with an ongen rate under expen
mental conditions at least, which is not very different from o\ygen
consumption of the skeletal muscle and little different from what the
rest of the cardiac muscle is going to be which had a 30 to 40 per
cent oxygen utilization during arrest

It is difficult for me to understand how 30 to 40 per cent of the
baseline beating ovygen consumption can heep going on with no
onvgen being added to the myocardial svstem and still have the heart
rtain the appearance of contmming ovvgenated blood 1 think this is
estraordinarily important and probably best can be solhved by the
isolated preparations used by Dr W interscheid
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in oxygene when artificial systemic output is

increascing.

Ficure 170 (Dubost)

DR STANLEY ] SARNOFF, Bethesda I think 1t 1s rather disturb-
ing to consider the data which indicate that the ovygen consumption
of the arrested heart, as Dr Bing told me last mght, 1s somewhere
between 30 and 40 per cent of the beating heart Tlis 1s a biolog
which I find very difficult to reconcile with my own

1cal

phenomenon

e\perlences

Dr Wintersched’s figures were yerv mteresting n that with a Iittle
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Ficure 171 (Dubost)

rough calculation one comes up with an oxvgen rate under experi
mental conditions at least which is not very different from oxygen
consumption of the sheletal muscle and little different from what the
rest of the cardiac muscle 1s going to be which had a 30 to 40 per
cent ovy gen utilization during arrest

Tt is difficult for me to understand how 30 to 40 per cent of the
baseltng beating ovigen consumption can heep gomg on with no
ovgen being added to the myocardal system and still have the heart
retain the appearance of containing ovvgenated blood T think this is
e\traordinanly important, and probably best can bo sohed by the
isolated preparations used by Dr VWV interscheid
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In the past two years my colleagues and I have been concerned quite
a bit as to what tension 1s required by the normal myocardium In-
formation as to the characteristics 1 titro remamn indistinguishable
from the n vivo data, for a period of 24 to 48 hours from that of the
failing heart It became evident to us that m the beating heart, two
things occur There 1s a development of a tension which shortens stroke
volume It became evident that fiber shortening or stroke volume has
nothing, or almost nothing, to do with the energy requirement of the
myocardium, and that 1ts total energy requirement or almost total, 1s
somewhere between 2 and 5 per cent The almost total energy require-
ment of the damaged heart 1s determmed by the amount of tension
which the myocardium develops I think this probably has some very
practical implications

On the basis of this, I think 1t 1s necessary to know the aortic pres-
sure m two different conditions It 1s clear that the coronary flow will
go to the coronary vascular bed and may be measured The aortic
pressure 1s graded and tlus fact 1s important However, aortic pressure
has a very much more important connotation m my mmnd, and that 1s
it represents the amount of tension which the myocardium develops,
and, therefore, sets 1ts oaygen requirement, and the level of the local
pO: m a measure It acts as a hydraulic force, since 1t 1s an expression
of the ovygen requirement of the heart which largely determines 1ts
needs for energy



PHARMACOLOGY OF THE HEART

By
Hexry Swan, M D, and Vernox Montcosmery, M.D, PuD

HA\L\G no specialized knowledge of pharmacology outside of
day to-day therapeutics we have found the assigned task a par
ticularly difficult albeit challenging one In attempting to limit
thus discussion on the pharmacology of the heart, these thoughts
have occurred to us Since the heart is the cffector organ of so
many homeostatic refleces almost any agent which has a sigmifi
cant effect on the organism as a whole will have at least a secon
dany effect on the heart Also since the heart is composed of a
mixture of tissues including artenes nenes ganglia and smooth
muscle a large number of pharmacological agents which are used
for specific effect on one of these tissues will also have a side
effect on the heart We have chminated agents causing only
secondary effects from discussion m this presentation

This limits our present consideration to those agents which
have a direct effect on the function of the myocardium of the heart.
Even here the emphasis will be placed on those agents which
seem to be most useful to us as surgeons mterested in exerting a
positive mnfluence on and occasionally complete control of car
diac function

Let us begin with those agents whose pnmary pharmaco-dy
namic property is their ability to increase the tension deieloped
by myocardial issue that 1s digitalis and similar glycosides The
chemistry of the cardic glycosides has been the subject of
cutensive nvestigation As you recall digitalis compounds are
composed of two separate molieties—the agly cone and the one to
four sugar molecules attached to it The principal pharmacologic
properties of the glycosides lie in the aglycone since the sugars

Dcl;m-m the Department of Surgen Unnenih of Colorado School of \fedicine
et
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aie thought to affect only the 1ate of action through cellular per-
meability and water solubility

The aglycones have the famihar cyclopentaperhydrophenan-
thiene nucleus shown m Figure 172, which 1s also seen m the
steroid hormones and bile acids The mteresting similarity mn
stiuctme between digitalis and 11-desoxycorticosterone ncludes
a linkage at the 17 position of a ketone and at the 3 position of
an available oxygen

Now what effect do these particular molecules have on the
heart? After yeais of mdecision n the literature, 1t now seems

OH

SUGARS

DESOXYCORTICOSTERONE DIGITALIS

Fic 172 Simlarity i the chemical formulas of two agents effecting
myocardial contraction 1s illustrated

fiimly established that the piimary action of these drugs on the
failing heart 1s that of producing an mciease m the strength of
contraction This was demonstrated most effectively by Gold and
Cattell 1n 1940," when studying the foice of contiaction of the cat
papillary muscle Therr expeniment showed cleaily that ouabam
has a potent, duect effect on the force of contraction of the
muscle even though 1t 1s completely severed from all body con-
nections and even though no change m 1ate 1s permutted

The question of how digitalis produces this effect 15 a subject
of extensive curient mestigation Many have shown that the
faillimg heart 15 an mefficient heart There 1s no decrease in the
oudative metabolism of the heart, but theie 15 a fallme to convert
this osmidative energy into mechanical work Digitahs-like agents
have been shown to corect this overall effect, that 1, they re-
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store the efficiency of the heart As vet no speaific enzymatic
reactions have beun shown to be effected by these compounds
unless enormous quantities are used and as vet no direet effect
of digitahis on actomyosin fibers has been noted However many
worhers have shown that digitahis causes the myvocardium to fose
potassium This obsen ation on the intact anmal doyetails nicelhy
with recent work by Szent Gyorgha ® While studving the classical
phenomenon of treppe he noted that the descending stair effect
appeared much more readilv when the solution bathing the 1so0-
lated frogs heart muscle was some artificial media rather than
plasma Analvsis for the actne mgredient i plasma was made
1t proved to be a steroid Of the many known biological steroids
only desox: corticosterone had a realls potent capacity for dumm
1shing the treppe effect Digitalis and related cardiac gh cosides
also had this effect Therr chemical smlanty has alreads been
referred to

In Figure 173 we have tried to give vou a simplified version of
what Szent-Graorgvi' thinks this means (with apologies to him)

The contractle mechanism within the muscle cell resides in

oy oy e ]
[
(4]
[ ']
[ ]
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o ¢ 3 [
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L""m ACTIN Amuvu

Ftc 173 An interpretrve portraval of the electro-phvsical forces
relating to muscle fiber contraction
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are thought to affect only the 1ate of action through cellular per-
meability and water solubility.

The aglycones have the famihai cyclopentaperhydrophenan-
thiene nucleus shown m Figuie 172, which 1s also seen m the
sterord hormones and bile acids The nteiresting similanty m
structure between digitalis and 11-desoxycorticosterone mcludes
a linkage at the 17 position of a ketone and at the 3 position of
an available oxygen

Now what effect do these paiticulai molecules have on the
heart? After years of mndecision in the literatuie, 1t now seems
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Fic 172 Similaritv in the chemical formulas of two agents effecting
mvocardial contraction 1s 1llustrated

firmly established that the primary action of these drugs on the
failmg heart 1s that of producing an mcrease n the strength of
contraction This was demonstiated most effectively by Gold and
Cattell in 1940,' when study g the foice of contiaction of the cat
papillary muscle Therr experiment showed clearly that ouabam
has a potent, dnect effect on the foice of contiaction of the
muscle even though 1t 15 completely severed from all body con-
nections and even though no change m rate 1s pcnmttcd

The question of how digitalis produces this effect 15 a subject
of extensne current mvestigation  Manv have shown that the
falling heart 1s an mefficient heart There 15 no decrease i the
oudatiy e metabolism of the heart, but there 1s a fatlire to comvert
this oudatine energy mto mechamcal work  Digitahs-like agents
have been shown to correct this overall effect, that s, they re-
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magnitude of tlus reversal of membrane potentinl e the action
potential 1s proportional to the pre-evisting diffcrence between
intracellular and extracellular sodiim concentrations

In summany then the resting potential (with the mside of the
cell electrically negative to the outside of the cell) is detenmmed
primarily by the difference m concentrations of potassium n these
two areas With stimulation of the conducting tissue the selective
permeability of the membrane is lost sodium suddenly moves in

RESTING POTENTIAL (VOLTS) OF MYOCARDIAL FIBER

IN TERMS OF POTASSIUM DISTRIBUTION

Ck* ],
K* 1,

E=-0059 log

Ficure 174

the direction of the concentration gradient—to the mside~and the
action potential results At the same time potassium moves in the
direction of its concentration gradient 1¢ out of the cell, and
contraction shortly follows by virtue of the actomyosin mechamsm
previously described The recovery process mvolves removal of
the sodium and return of the lost potassium  with the resulting
Testoration of the resting membrane potential

In the light of the above considerations we can discuss briefly
the mechanism of action of potassium on the heart. In 1952 we
recommended the clinical use of this 100 to combat ventncular
fibnllation, and more recently it has been widely used to delib-
crately arrest the beat of the heart, a matter concerning which
we will hear much more this afternoon.

First, we need to know what happens to the tassium
in the extracellular fluild Direct gadent:e an Pﬁ?e heart Iijsh:)(:
readily available But if we look at Figure 175 from the work of
Bovle and Conwmy  we see such data deried from skeletal
muscle One will note that as the external Ppotassium 1s increased
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the long, thin fibrous protemn, myosm As with all such molecules
1t has the tendency to shoiten by folding on 1tself At normal
mtiacellular pH, this protem has negative chaiges m excess of
positive, mediated thiough the dissociation of the carboxyl groups
These do two things they 1epel each othei, thus keepmg the
protemn extended n a stiaight position, and they electiostatically
bind potassium 10ons Necessary for contiaction 1s union between
myosm and an adjacent actin molecule For purposes of simphfi-
cation, the actmm molecule, which 1s really a globular proten, 15
depicted as a long piotemn, too It 1s also surrounded by a cloud
of potassium 1ons The 1epelling foice of the potassium 10ns keeps
the two protem molecules separated When the wave of depolar-
1zation passes over the membiane, potassium 1s lost, the forces
fo1 attraction exceed the 1epelling coulombic foices, and the
two piotems come togethei, discharge, and fold Thus, the muscle
fiber contiacts The tendency to shoiten 1s decreased by a high
mtraceilular potassium concentiation, as has been shown to exist
in the muscle of the failing heart On the other hand, sthong con-
tractions are associated with normal o1 low intracellulai potassium
concentrations The active steroid substances, especially digitals,
then, m some way, change the membrane permeability to potas-
stum so that the intracellulai concentiation of this substance 1s
kept at an 1deal level for contiaction

You will 1ecall that the resting membrane potential 1s due
prmmanly to the difference m the concentiations of extia- and
mtracellular potassium Since Bernstem’s® suggestion m 1912, this
relationship has commonly been expiessed m the simple formula
shown m Figuie 174 This equation describes the theoretical mem-
brane potential, E, as a function of the loganithm of the 1atio of
mtracellular to extracellular potassium, times a constant This
ratio 1s normallv about 30 1 which gives a theoretical potcnlm] of
apprO\mmtelv 90 millivolts This theoretical value has heen shown
to predict adequately the actual membrane potential over a widle

range of conditions

You will also 1ecall that the so-called wave of depolartzation
occurring with the propagation of an impulse 1 actuallv are-
versal of membrane potential, that s, the mtenor of the ol

becomes electropositive i relation to the catenor of the « I The
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W

in the membranc potentinl And just as v gan wils
1t 15 loaded, the membrane will not produce an act
untiat §s charged This results i cardine wrest, witha,
normal interna] potassium concentration The actunl dat
an expenment usmg the frog ventricle is seen in the
Brads and Woadbury  Figurc 176 1s our lustrition of thet
replotted for emphasis At some pomt on the fallmg hine of 1 em
brane potential the energy to fire s no longer sufficient The heart
gocs into arrest

This process also explains why occasionally a heart may cnter
fibullation durng potassiim perfusion If the solution is not
evenly moed or if the volume Is so small that 1t reaches one
portion of the heart in greater concentrition than another the
situation will develop that some areas are in a state of arrest

MEMBRANE POTENTIAL IN MILLIVOLTS
&

1 E) ) xm
EXTRACELLULAR K* IN' PERCENT ( NORMAL =100 )
Fic 1780 As extracelular potassium {nereases tho resting potential of the

mfmbmne fally At some pomt on this line it will become fnadequate to
initiate Aber contraction (\fodified Brady and W oodbum )
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the intracellulax potassium 1s also mcieased, but not propor-
tionately For example, doublng the external concentration does
not double the mternal concentiation Rather, the change 1s add:-
tive When the external media contams no potassium, there are
about 90 mEq/L 1n the mtracellular space And when the exter-
nal media contams 200 mEq/L, the mteinal concentration 1s
290 Smnce the gam of potassium mside the fiber 1s a sumple hinear
function of exteinal concentration it 1s apparent that the mtra-
cellular extiacellular 1atio will deciease 1apidly with the addition
of extracellular potassium Obviously, thinking back to the Bem-
stemn hypothesis, as the ratio decreases there will be a rapid fall
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Fic 175 The dicct on mtraccllular potassium concentra-
tion of mcrc g the extracddlular concentration of striated
muscle (From Bovle wnd Conwav) Note that the offect
Wdditn e and that the mtrwddlnbr incrcase 1s thercfore not

proportion d to the oxtraccllulir mcre wse
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of action were sufficienth great Usually howeser the puriod of
difficulty n starting post arrest hearts 1s short and brief periods
of dditional perfusion with the pump ovvgenator will aid in
speeding the readjustment T would hhe to suggest ney ertheless
that someone should im estigate the value of preoperative digital
fzation with the thought thit the pharmacological action of the
drug would he present at the time of resumption of heat following
potassium arrest We do not know whether stopping the digital
1zed heart with potassium would be casier or more difficalt al
though we do know that increasmng the potassium concentration
tends to vitiate the cffccthveness of digitalis action Nonctheless
it scems reasonable at least m theony that the potassium polsoned
digitalized heart should recover its normal contractions more
quickly than when undigitahized

As regards the sympathomimetic agents for strengthening weak
cardiac contractions their basic mode of action 1s essentially
unknown 1t is to be remembered also that at least a group of them
are not wathout a specific effect upon the imtability of the myo-
cardum They are i short fibrillatory agents Meck® has shown
that this effect 1s specific for the di hvdroxy grouping m the 34
positions on the catechol amine ring Figure 177 (modified from
Meel) illustrates this groupmg Unfortunately those agents not
having this groupmng arc primanly vaso constrctors and do not
possess the cardiac cffects of speeding the rate and strengthening
the contraction In addition the catechol amines cause a consid
erable mcrease in myocardial oxygen consumption an effect not
necessarily desirable in the wmmedinte post surgical heart The
use of adrenalin in the trextment of arrest, of weal myocardial
contraction and of fine fibrillation must remain empincal untl 2
better understanding of the mode of action of these drugs is
achieved Tt will be of interest to hear the opinfons of the subse
quent spealers on the role of sympathomimetic drugs in the treat
ment of hearts arrested by potassium or by acetyIcholine

We would like now to return to consideration of the phenom
enon of depolarization which triggers myocardial contrnction It
15 now agreed that acetvlcholine 1s essential in fact is uniquely
Invohved in the amazing change in the membrane permeabulity

The ov erwhelming evidence accumulated by Nachmansohn® and
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while others wie sull capable of depolanization The umform
nature of contiaction 15 destioved and coarse fibrillation may
ensue The prevention of such fibnllation 1s to perfuse the mvo-
carchium m such fashion that the distibution of the potassium wall
be even throughout The ticatment 15 to give more potassium to
complete the paralvars

We have all seen that when the enculation 1s restored follow-
mg potassium mduced arrest, the contiaction mav be veny weak
and meffectne No doubt this 15 duc to the excess mtracellular
potassium which produces a wider separation of the contractile
protems and thus a decicased tendency for them to come together
and contiact We must wait for the mtiacellular potassium con-
centiation to be 1estored to normal m order to bring about an
cfiecctine beat

It 15 possible that one o1 moie agents night be helpful m speed-
mg this escape of potassium For example, Ringer® m 1883, made
the following statement

Calcium bicaibonate o1 caleium chloride m phvsiological doses,
or even m smaller quantities than are present m the blood, 1estore
good contractions even when contractilitv has been lost for seven
or eight mmutes, and the ventricle no longer responds to strong
mduction shocks I conclude, therefoie that a hme salt 1
necessa1v for the mamtenance of muscular contiactihity But
whilst calcium salts are necessarv for the proper contraction of
the heart, vet if unantagomzed bv potassium salts, the beats w ould
become so broad and diastohe dilatation so prolonged that much
fusion of the beats would occur and the v entricle would be thrown
mto a state of tetanus If these two salts are not present m the
coriect proportions, then the trace becomes abnormal

Thus fo1 veais, 1t has been known that calcium 1s a good antidote
for potasstum poisoning However, as Ringer said, and as \Wmkler®
proved m 1940, excessne calcium levels will produce venticular
fibnllation m about 50 per cent of the cases, when the extia-
cellular concentiation approaches 24 mEq/L The agent, there-
fore, must be used with considerable caution

In this connection, we can recall the mode of action of digitalss,
and consider 1ts abilitv to deciease the mtacellular potassium con-
centiation This agent might be of considerable value, if 1ts speed
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of action were sufficienthy great Usualls however the perod of
difficults in starting post wrest hearts is short and boef periods
of additional perfusion with the pump oxygenator will aid m
speeding the redjustment T would like to suggest nevertheless
that someonc should ivestigate the value of preoperitise digital
fzation with the thought tht the pharmacological action of the
drug would he present at the time of resumption of heat followng
potassium arrest We do not know whether stopping the digatal
1zed heart with potassium would be casier or more difficult al
though we do know that merewng the potassium coneentration
tends to witiate the effectiveness of digitalis action Nonetheless
{t scems reasonable at lewst in theory  that the potassium poisoned
diptalized heart should recover 1ts normal contractions more
quickly than when undigitahzed

As regards the sympathomimetic agents for strengthening weak
cardire contrictions their basic mode of action 1s essentially
unknown It 1s to he remembered also that at least a group of them
are not without a speafic effect upon the irmtability of the myo-
cardium They are m short fibrillatory agents Mech® has shown
that thus effect 1s specific for the di hvdroxy grouping m the $ 4
positions on the catechol amine ring Figure 177 (modified from
Meel) rllustrates this groupmg Unfortunately those agents not
having this grouping are primanh vaso-constnctors and do not
possess the cardiae effects of speeding the rate and strengthening
the contraction In addition the catechol amines cause a consid
erablo increase in mvocardial oxvgen consumption, an effect not
necessarily desirable in the immediate post surgcal heart The
use of adrenalin m the treatment of arrest, of wenh myocardial
contraction and of fine fibrillation must remain empirical until a
better understanding of the mode of action of these drugs 15
achieved Tt will be of interest to henr the opinions of the subse
quent speahers on the role of sympathommetic drugs in the treat
ment of hearts arrested by potasstum or by acetyleholine

We would hke now to return to consideration of the phenom
enon of depolarization which triggers myocardial contraction Tt
;s ‘nTv (xilgrecd that acetrIcholine is essential, m fact is uniquely
'lr'\h: ;fenj?‘etli:h?mmng change in the membrane permeability

g evidence accumulated by Nachmansohn® and
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lus gioup has caused even the electio-physiologists to concede
acetylcholme an essential 10le m this process

Mozeover, 1t has been suggested that acetylcholme may even be
the agent which endows the heart with 1ts capacity for automatic-
ity We are all awaie of the fact that this 1s an mtumsic property
of myocardial tissue and that area which 1s thythmically depolar-
1zing at the most 1apid 1ate 15 the pacemaker for the whole heait
The pacemakel 1s noimally the S-A node Before attempting to
discuss the important question of how the pacemaker 15 mmitially
depolarized, let us consider for a moment what 1s known about
the mitiation of the contiaction of stizated muscle Heie stimula-
tion of the neive causes a 1elease of acetylcholme, probably flO].ﬂ
its bound state, at the myonewral junction The acetylcholme, in
turn, depolanizes the end plate, giving 11se to the so-called end
potentlal When the end plate potential 1eaches a certam

plate P
1 level, the adjacent muscle membrane 1s depo]allze , @

ciitica
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self propagating impulse pses over the muscle fiber and con
traction results

Cardhac muscle too Tns a high concuntration of bound acety]
choline and acetrlcholine 15 releascd when the vagus nene is
stimulited but the difficults in assignng to acetvlcholine the
role of stimulator of the heart as we can for striated muscle hics
m the well known fict that in the mammal stunulation of the
vagus or admmistrition of acets Icholine results in cardine slowing
or indeed rrest

Bum and co-workers” have made obsersations which help to
reconcile this paradox Wlile i estigatng, the pharmacologic
effects of paludrine n antimnlarial drug simlar to quinme or
qumnidine they noted that this agent chsed slowing of the aurd
cles of the rabbit but more importantly that as the slowing pro-
gressed the action of acetylcholine was changed from mhibitory
to stimulatory Later they allowed the auncles bathed m oxy
genated Tyrodes solution to beat to echaustion Contractions
ceased in this preparation in from twenty four to thirty six hours
After cessation of all contractions addition of acetyicholine re-
stored a spontancous beat Then after a good rhythm had been
resumed further addition of acets Icholine caused cardiac slowing
In addition the ratc of synthesis of acetylcholine by the aurlcular
muscles which fell during the exhaustion period returned to
normal following acetylcholine admimstration

From these studies Bum suggested that acetslcholine m the
exhausted auricles is decreased to a level which will not allow
spontaneous contractions as evidenced Iy the low rate of synthesis
of acety Icholne 1n the exhausted auricles Addition of acetylcho-
line at this pomt restores spontaneous contractions and at the
same time restores the rate of synthesis of acetyIcholine toward
control levels This expenmental relationship is graphically pre-
sented n Figure 178 in which auncular activity s plotted agmnst
acetyIcholine concentration in arbitrary theoretical units In the
normal physiologie range of activity the acetyIcholne concen
tration m the tissues would be represented as that part of the
abscissa hving undcrlthc segment AB on the curve In this range
(lm addition of -m]et\ c];?hnc causes o decrease m auricular achy

t Mowever when the acetylcholine tissue concentration de
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lus group has caused even the electio-physiologists to concede
acetylcholine an essential 10le m this process

Moreover, 1t has been suggested that acetylcholine may even be
the agent which endows the heart with 1ts capacity fo1 automatic-
ity We aie all awaie of the fact that this 1s an mtunsic property
of myocaidial tissue and that aiea which 1s 1hythmically depolar-
1izing at the most 1apid 1ate 1s the pacemaker for the whole heart
The pacemake1 1s normally the S-A node Befoie attempting to
discuss the important question of how the pacemaker 1s mtally
depolanized, let us consider for a moment what 15 known about
the mmtiation of the contiaction of stuiated muscle Heie stimula-
tion of the neive causes a 1elease of acetylcholme, probably from
its bound state, at the myoneural junction The acetylcholine, 1
turn, depolarizes the end plate, giving 11se to the so-called end

late Potentlal When the end plate potential reaches a certam

critical level, the adjacent muscle membrane 1s depo]arlzed, a
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have a relationship ns deseribed in Figure 180 This graph Is from
the report of Alles and Hawes ™ As vou will recall the cnzyme
acetvlcholine esterise has the function of hydrolvzing acetyl
choline to acctic acid and choline If the activity of this enzyme
1s plotted agunst mcereasing acetyIcholine concentrations it 1s
found that there is an increase m activity with an increase 1n con
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SUBSTRATE CONCENTRATION

Fic 179 An illustration of the usual relationship between enzymatc activity
and substrate concentration as described by Michaelis and \Menden.

centration up to a certmn pont Beyond this point, however a
further addition of acetylcholine causes an mhubiton of enzymatic
actiity Thus there is actual experimental support for the
concept of Burn presented in Figure 178 that acetylcholne may
be both a stimulant and a depressant of myocardial action de-
pending on the level of tissue concentration of the agent at the
time of {ts administration
The wnportance which these data lzy in esta

levels for specific cardiac effects of ncet?lcholine is otlx)l‘l’sigimsg};igie
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cicases below pomt A, for example to pomt C, theie is a dimimu-
tion ol auncular activity At this time, addition of acetylcholime
stimulates awmicular activity until agam point A 1s reached, after
which fuither acetylchohne would agamn exhibit an mhibitory
action
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THE UNITS ARE ARBITRARY

Fic 178 Diagiammatic representation of the effect of acetylchohne concen-
tration on awicular activity (an mterpretation of the data of Burn)

This graph 1s quite unlike most others which demonstrate the
effect of substrate concentration on enzymatic activity Figuie 179
depicts the usual configmation of such a 1elationship This 18
based on the Michaehs-Menten formula > With an mciease 12
substiate concentiation theie 1s an inciease m enzymatic activity
up to a plateau beyond which fuither meieases mn substiate cclm-
centiation ploduce no effect on enzymatic activity However, this
equation holds tiue only for those 1eactions in which theie 1s @
smgle pomt of attachment between the substrate and the protem

7 ate, we
enzyme If there 1s a two-pomt attachment of the substrat
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of commonl ecepted opmion concerning the metabolism of tlis
substance

As one molecule of glucose 15 broken down anacrobically to
two molecules of pyruvate two molecules of adenasinctriphos
phate are formed The pyruy ate 1s then brohen down aerobically
through the eitric 2crd cyvele to CO. and water This process

GLUCOSE

ANAEROBIC
2 ATP
PYRUVATE
AEROBIC
— 30 ATP
CO,+H, 0

Fic 181 A simplified diagrammatic representation of some aspects
of metabolic acetvlcholine

yields 30 molecules of ATP The ATP then serves as the energy
saurce for the linkage of acetate to coenzyme A, from whence
the acetate 15 transferred to choline by the enzyme choline ace
tylase—thus forming acetylcholine The latter is then either stored
m the form of a lipo-protein complex or acts immediately on the
receptor site Free acetylcholine is very rapidly hvdrolvzed by
the enzyme choline esterase

From work m our own laboratory we feel that this cvele is of
practical use in the prevention of ventnicular fibnllation, We haye
shown that continuous coronan perfusion of acetyIcholine mhibits
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ever, one can say that no matter what the existing level of con-
centiation, 1f enough acetylcholine 1s added to the system, depres-
sion of cardiac activity will occmn This dose, moreover, will need
to be very lasge mdeed 1f blood 1s used as the perfusion vehicle
because plasma and 1ed cells both contan acetylchohne-sphtting
enzymes The dose will be less if Ringer’s solution 1s used For
caidiac anest, the amount to be given, then, will be large, and can
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Fic 180 Actual data on the relationship between acetylcholine concentration
and acetvlcholine esterase activity (from Alles and Hawes)

be sumply described as “enough to stop the heait”™ As with

otassium, 1t 1s important to be swe that the agent 1s evenly dis-
tributed thioughout the myocardium

It 1s obvious from the discussion to this pomnt that acetylcholme
)s an exhiemely 1mportant substiate m myocardial function, 1elat-
ing as it does to automaticity, to transmussion of mmpulse at the
synapse, and to conduction of the depolaiization wave along the
muscle fiben The metabolism of this substance 1s, therefore, of

reat mterest m fuither undeistanding such events as cardiac

arrest or fibnllation Figure 181 1s a somewhat simplified version
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of commonh accepted opiion coneuming the metalolism of this
substance

As onc molecule of glucose 1s broken down anaerobically to
two molcecules of pyvrnate two molecules of adenosinetriphos
phate are formed The pyruvatc 1s then brohen down acrobically
through the ctne acid evele to CO: and water This process

GLUCOSE

ANAERONC
2 ATP

PYRUVATE

AEROBIC

30 ATP

o, tH,0

ACETATE\l/ Coh

CoA ACETATE

CHOLUNE

ACETYLCHOLINE

ACH LPOPROTEIN
(sTorace)

CHOLINESTERASE
RECEPTOR PROTEIN A

Fic 181 A stmplified diagrammatic representation of some aspects
of metabolic acetylcboline

ylelds 30 molecules of ATP The ATP then serves as the energy
source for the linkage of acetate to coenzyme A from whence
the acetate is transferred to choline by the enzyme choline ace
tylase—thus forming acetyIcholine The latter is then erther stored
m the form of a lipo-protein complex or acts immedately on the
Teceptor mite Free acetyicholme is very rapidly hydrolyzed by
the enzyme cholme esterase

From work 1 our own laboratory we feel that this cycle is of
practical use in the prevention of ventricular fibnllation We have
shown that continuous coronary perfusion of acetylcholine inhibits
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ventuicular fibullation m the hypotheimic dog undergomg cai-
diac smgery ' Moieoves, 1elease of endogenous acetylcholne by
electiical stimulation of the penpheral stump of the vagus neive
will also mhibit ventiicular fibullation In addition, we have
shown that mnhibition of the cholme-esteiase enzyme by neostig-
mme mhibits ventuicular fibullation presumably by allowng an
accumulation of acetylcholine We have noted, fuither, that the
dwation of the anti-fibiillatory action of neostigmme 1s much less
1f no coronary blood flow 1s allowed ** This 1s certainly 1easonable,
m view of the mefficient synthesis of ATP unde:r anaerobic con-
ditions We have also found that contmuous coionaiy peifusion
of ATP also has an anti-fibullatory effect ** Moie recently, we
have shown that mtiavenous admmstiation of glucose, fat, or
glycme duing hypotheimia also reduces the mecidence of ven-
tircular fibrillation ** As 1s well known, ammo acids o1 fat can
enter fieely the myocaidial metabolie cycle And, finally, we have
shown that a single coionaiy injection of bethanechol (Urecho-
Ime™) will prevent ventricular fibullation for long perods with
or without coronaiy blood flow *® Smce this acetylcholine-like
agent 1s not hydiolyzed by cholinesterase, presumably 1t continues
to act on the 1eceptor site until removed There 1s no doubt that
there 1s a relationship between the metabohic cycle of acetyl-
choline and cardiac arthythmias, and that this relationship can be
used for practical purposes m the control of ventriculax fibnlla-
tion

Acetylcholime, then, 1s a fundamental metabolite which can
cause caidiac airest It 1sa common experience, however, to have
pertods of weak heart beat o1 even occasionally fibiillation duing
the period of restoration of coronaiy cnculation following such
ariest It would be desnable to have the necessary knowledge to
allow one to select mtelligently suitable antidotes, such as atio-
pme or the sympathomimetic agents Atropme at the moment,
appears to be the most 1ational Its action 1s thought to be due
to 1ts competitive relationship to acetylcholime m secking the same
1eceptor sites It 15, m effect, an acetylcholime blocking agent
Indeed, atropme has been shown 1n large doses to be a gan glonic
blocking agent Moieover, m our laboratory, we have reversed
the cardiac arrest of bethanacol by the use of this agent Since 1ts
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action is not throngh amy alterition In basic metabolie ¢ycles, it
has a margin of safety which serves to recommend it to our use

In summan then we have briefly reviewed some of the aspects
of myocardial function and metabollsm and a few agents which
effect these processes We must conclude by offcring our apologics
that this discussion was not presented to vou by someone with
more expenence and traming m the field of pharmaco dynamies
However 1t {s our feelng that the clinfeal appheation of basic
knowledge in the field of cardiac surgery 15 as pertinent as it 1s
everywhere else m the practice of medieine
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ACETYLCHOLINE INDUCFD ASYSTOLE

Aun Adjunct in Open Heart Operations
with Extracorporeal Carculation

By
Covtap R Lan, M D, Tiosras Ganacan, MDD, Ciianers
SencEanT, M D, and Epwanp Grren, M.D

Tma posstaTy that some form of drug nduced cardioplegin
might be of value m cardine surgicl procedures was investigated
in our laboratony in the latter part of the year 1952 A report' to
the Michigan Heart Assocution dated January 15 1953 con
tained the following paragraph

“An Investigation of the Valuc of Stopping the Heart for Intra
cardiac Operations A solution of potassium chloride has been
used ta cause an immediate cardiac arrest Thoe tohen operation is
carrled out, after winch the heart 1s started by massage clectrical
defibnllation, calcium salts and cardwne stimulants as necessary
This technic has been used 1 operations of four mmmutes dura
tlon in which the nght side of the heart has been opened. The
last five consecutive animals 1n the series have survived for one
month or more with no residuals Operations with the heart asys
tolao for ten minutes have been done wath the aid of cerebral cross
transfusion with a donor animal A study 1s now in progress to
compare the likelthood of recovery of hearts treated m this way
with those rendered bloodless by simple vena cava occlusion ”
The study went on to mclude a large number of expenmental
cardiac arrests with the bram protected by hypothermia rather
than with cross circulation and was reported in 1855 before the
Amenican Association for Thoracie Surgery *

\IF-;qu the Diviaon of Thorauic Surgery of the Henry Ford Howpital, Detroat,
whigan

The a;icrhncnml work was supported by o grant from the \Michigan Heart
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The method used to stop the heait m these early experiments
was the mjection of a solution of potassium chlonide mto the left
ventiicle Obviously, the amount of the diug which entered the
coronary aiteiries was unpredictable and 1ts distribution was un-
even, smce the final phases of peifusion were dependent on the
failmg heart action which was 1emforced by manual systole Like-
wise, the method of 1esuscitation was 1elatively ciude, consisting
of manual systole peiformed to provide blood flow thiough the
coronary aiterres The diugged muscle fibers became 1esuscitated
at different times, and ventiicular fibillation was practically mevi-
table Innmeteen of twenty animals m one seiies, however, electi1-
cal defibullation was successful m 1estormng an effective beat

In the eaily seaich fo1 a caidioplegic agent, acetylcholne had
been considered, but was not tiied immediately because Bjork®
had 1epoited that no effective arrest could be produced with it In
the fall of 1955, we decided to 1emvestigate the possibilities of
acetylcholme It worked very well, as can be seen fiom the fol-
lowmg paragiaph fiom the 1eseaich 1eport to the Michigan Heart
Association* dated Jan 14, 1956

“Because of the disadvantages of potassium-mduced cardiac
standstill, which 1s neaily always complicated with ventiicular
fibuillation duimng the penod of 1esuscitation, we have 1nvest1gated’
the possible advantages of acetylcholme as an ‘anesthetic agent
for the heait In acute expeimments, this appeaied to be an 1deal
method With the aoita occluded just distal to the coionaiy ostia,
a solution of acetylcholine was mjected mto the aorta and thence
mto the coionaiy aiteries Theie was immediate cessation of the
heaitbeat After a vaiable period of time, hepanmzed whole
blood was perfused thiough the coionary system and the heart-
beat 1eappeared spontaneously ”

It was natwial that the 1eservon of hepaimized blood was soon
replaced by a pump-ovygenator which not only plowded an m-
exhaustible supply of oaygenated blood for 1esuscitation of the
heart, but also gave piotection to the Iran and other paits of the
body dung the cardiac by-pass The pump-oxygenator which we
first used and contmue to use 1s that of the bubble type devised
bv Lilleher, DeWall and then associates * Smce April 4, 1956, the
combimnation of eatiacorporeal circulation and induced cardiac
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arrest has been used in the surgical treatment of 112 patients
The advantages of cardine standstill during intracardine opern
tions are obvious During the conventional by pass of the heart
with the pump-oxygenytor with the heart beating there is a con
tmuous flow of blood from the coronary sinus wiich may obscure
the operating field in the ventricle or atrium even though attempts
are made to remoz e the blood by aspiration If the by pass is for a
considernble period of time 1t is mandatory that the asprrated
blood be rctumed to the system A certain amount of hemolvsis
or other trauma to the blood 1s produced by this mampulation In
the open beating heart there 1s danger of air embolism to impor
tant systemic arteries Naturally some of the surgical procedures
can be carried out with greater accuracy if the field is quiet as
well as dry
The method of inducing asystole wluch we have adopted is
{llustrated in Figure 182. After the introduction of the appropriate
cannulae into the subclwvian artery and the venae cavae they are
attached to the pump-oxygenator and the pump 1s started Ihe
snares about the \ena caval cannulae are tightened If the chech
on the level of the blood m the helix of the oxygenator system
shows that inflow and outflow rates are equal we proceed to stop
the heart A mon-crushing clamp is placed across both the sorta
and pulmonary artery 1t 15 not necessary to spend tume dissecting
the two great vessels apart Acetvleholine m the amount of 10
mg per klo of body weight is injected into the aorta proximal to
the clamp The commercial preparation of acetyIcholine which we
have used 15 Acccholine manufactured by the Anglo-French
Laboratories and available in the US from E Fougera & Co of
New York. Enough physiological saline solution is added to make
the volume of injection about 20 cc The mjection 15 made mto the
aorta through a small figure-of-eight suture which is tied as soon
as the needle is remov ed
The heart stops when about two-thirds of the solution has been
mjected but the injection is continued until the caleulated dose
has been given A second synnge contamning a similar amount of
acetilcholne 15 in readiness and can be used if a technical error
has resulted m the loss of some of the solution i the first syringe
Although apparently in arrest, the heart beats when the « entricu
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to —
pump

—J

Fic 182 Drawing illustrating cannulations for attachment of the pump-oxs-
genator for extracorporeal circulation, and method of mducing cardiac arrest
by the mnjection of acetylchohne into the aoita

Jar wall 1s simulated mechanically by forceps o1 needles There 15
usually no activity during the sutue of mterventricular septal de-
fects o1 procedmes on the heart valves No additional acetylcho-
line 15 given for the sporadic beats which arnse as a result of direct

stimulation

To resuscitate the heart, onc has simply to remove the clamp
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from the aorta Tlus pernuts the blood from the ovygunator to
flow into the coronan arteries The eardioplegie drug is washed
out of the arteries into the coronary veins where it escapes into
the nght atrum via the coronany sinus During the repair of an
nten entricular septal defect there is of course an mncision in the
rght ventncle from which the blood containing the drug can
escape In operations for atno ventncularis communis ete  egress
for this blood 15 provided by the right atrial mcision It has been
our policy to remove the sortic clamyp before begianing the sutur

Fic 183 Electrocardiogram recorded at the instant of the injection of acetyl
choline Note the prompt arrest and one beat occurring later probably the
result of the ventneular incision Patlent was fise vears old, with fistula
between left ventricle and right atrium successfully closed

mg of the cardiotomy incisions The suture line can be put in
easily dunng the resumption of the heart beat and the cardiac
contractions occurring duning the final stages of the closure msure
against air bemng trapped It would appear to be a good idea to
permit the heart to beat rgainst no resistance like an idling motor
until good rhythm has been established.

In Figure 183 is reproduced the electrocardiographic tracing at
the instant of arrest with acetylcholine The rapid resumption of a

normal electrocardiographic pattern as seen 1 a typical case is
lustrated i Figure 184

CLINICAL EXPERIENCE WITH INDUCED CARDIAC ARREST

Of the 112 operations in which elective asvstole has been em
ploved in conjunction with the pump-otygenator se enty two
were for the repair of inters entricular septal defects in seventy
One patients (one patient had a second operation for the repair of a
recurrence of the defect) The technical details of these operations
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have been 1eported elsewheie *-° Induced caidiac airest has ap-
peaied to be especially valuable m the repair of ventricula: septal
defects In the perfectly diy and quiet field, the sutwes can be
placed with gieat accuracy Restoiation of the heartbeat has been
accomplished 1eadily The heart m one of the eaily cases, m which
there was poor coronary perfusion because of the low flow from
the pump-oxygenator, had to be assisted manually Ventricular
fibnllation appeared 1in fow heaits (ventiicular defect cases) dui-
ing the resuscitation One of these had fibrillated twice before the
pump run, the last cannulae having been put m while the heait
was bemg massaged Smus 1thythm was 1estored m each case with
one hight electiical counteishock

Atrioventiiculal block has been encountered with considerable
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Fic 184 Electrocardiograms and clcctroencephalograms taken during cardrac
by-pass and cardac arrest i a gl age ffteen months, during repair of
ventricular septal dcfect (Lead 11 of EKG)
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frequency in the septal defect crses and the merdence could be
considered as an mdictment of the prineiple of induced cardiac
arrest since theoreticalh am offonding suture could be ramoved
as soon as the arrhy thima s noted However it 1s known that the
complication occurs with about the s une frequency (10 per cent)
m centers where mduced arrest is not used
The total mortalits m the scventy two operations for the repair
of mten entncular septal defect has heen 32 per cent (23 cases)
\lost of the fatalities have been in the timy bibies under the 2ge
of one vear There werce three deaths m twenty nine patients over
the age of threc yvears and one of these was atypical with marked
underdes elopment of the right ventricle
Induced arrest was also used n 2 misccllancous group of forty
cases Only the complicated interatrinl septal defects were re-
paired by open operation This group includes seven nstances of
atrloventriculans commums all but one of whom survined the
immedrate postoperatn e period There were two late deaths with
evidence of recurrence of the defect
Successful operations hase been carrled out for the removal of
atnial myxoma, isolated infundibular stenosis of the nght ven
tnele and anomalous insertion of the veins of the right lung with
out interatrial septal defect
Surgery of the aortic valve has becn attempted m five cases
using the open technic with induced cardiac arrest Two patients
had congenital nortic stenosis One vahe was successfully opened
through the aortotomy and the heart was resuscitated In a sec
ond case almost mntractable ventricular fibnllation occurred, and
eventually the patient expired with hemorrhage from the aortic
mcision and recurrent ventricular Abnllation
Three attempts were made to wsert a prosthess of the watch
spring type for aortic insufficiency In no instance was a sahs
factory arrest of the heart produced obviously because the acetyl
choline which was injected into the aorta did not enter the coro
nany artenies but passed into the left ventnicle through the 1n
o e s s et o
mg the resuscitation phase the heart h o s Decause dur
pump unless there ispnn nortotom(i‘]undu o orh nganst the
coronany circulation {s
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mamtamed by 1etograde perfusion thiough the coionary smnus
We have had no expenience with the latter method Bailey™ re-
poits that he has operated on eleven patients with aortic stenosis
by the open technic with caidiac by-pass, with only one death.

CONCLUSION

Elective asystole (mnduced caidiac auest, cardioplegia) 1s a
valuable and safe adjunct m many kinds of intiacardiac suigical
procedumies canled out with the aid of extiacorpoieal cnculation
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ELECTIVE CARDIAC ARREST WITH
POTASSIUM CITRATE

By
DovaLp B ErrLrn, M D and Lavneacr k Grovis, MD

Tm: apvaxTacts of cardiac operations under elective cardiac
arrest are best summanzed by recalling 1 basic surgieal prineiple
The ideal surgical field 15 well exposed motionless and free of
blood In the days before the introduction of open cardiotomy by
the by pass technic the surgical field dunng cardiac operations
could not be well visualized—valves were fractured or cut masses
of tissue were removed by rongeur and chamber walls were in
vagmated in an unsightly fashion to close defects 1n the interatrial
septum At that time such technics were justifiable and mndeed
courageous but it 1s folly to apply them to open cardmc surgery
when the adjunct of arrest will give an approach to the ideal
In the course of our experimental work on open heart surgery
in 1955 we found that the Melrose techmc for inducing car
diae arrest with potassium citrate was suple easily duplicated
in our experimental laboratory and of great technical help n 1n
traventricular operations® * On February 17 1836 for the first
time we employ ed elective cardiac arrest with potassium citrate
while closing an interventncular septal defect in a seventeen
month-old chld* The simplicity of the technic and the ideal
exposure that it afforded convinced us that if unforeseen complt
cations or toxicity did not matenalize this adjunct to cardiac sur
gery would be a very important advance The Melrose technic
now lias been employed 1n 89 patients and the results have grnen
us no cause to employ or to search for other cardioplegic drugs
The speafic effect of potassium upon the heart muscle has been
well known since the time of Ringer* As early as 1929 1t was

“Irom the Departrent of Thoracle Surgery The Cleveland a
ant Tt Frank E Bunts Educational In\dt\ﬁe Ceveland Ohfo c Foraxdation
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mamtained by 1etrograde perfusion through the coronary smus
We have had no evperience with the latter method Bailey™ re-
ports that he has operated on eleven patients with aortic stenoss
by the open technie with cardiac by-pass, with only one death

CONCLUSION

Elective asystole (induced cardiac arrest, cardioplegia) 1s a
valuable and safe adjunct in manv kinds of ntracardiac surgical
procedures carried out with the aid of extracorporeal circulation
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beat weahens the heart appers to dilate as the muscle fibers
relax Usually the ventricles are pnmlwod first the atrrl ap
pendages are affected Tast because they are the most p(.nphcml
portion of the coronary circulation
Ongmally the potassium citrate~blood mixture contained 2 ml
of 25% potassium aitrate mued with 18 ml of heparimzed blood
taken from the pump resersoir We have since found that one-half
the amount or 1 ml of 257 potassium atrate mixed m 19 ml of
hepanmzed blood 15 equally effective In small hearts The surgs
cal nurse prepares the mixture immedately before use and it Is
placed in a battery of 20-ce. syrnnges to expedite {njection For a
patlent less than five years of age the contents of one syringe
usually are adequate however the dose of potassum ctrate—
blood muture for any patient is that amount required to induce
complete cardiac arrest as determined by visual examination and
by electrocardiographic monitoring The danger of potassium cit
rate overdosage appears to be negligible
The quiescent heart may be opened through any chamber the

surgeon elects Most frequently it will be the right ventnicle or
the right atrium or both As the blood 1s remos ed from the cham
ber by an aspirator the field can be carefully inspected without
fear of a time limit or of an arthythmia bemng produced by ma
mpulation If a defect is present m the ventricular or the atnal
septum there will be a continuous flow of blood from the left
heart caused by the bronchial circulation and any collaterals that
may bo present As the defect is closed this blood may appear as
a retrograde flow from the pulmonary artery If an unsuspected
defect is present, the flow should appear at the site of that defect
It must be remembered, howevor that closure of defects may be
followed Dby spontaneous resumption of the heartbeat as the
pressure stowly bulds n the left heart to the point that it will
gradunlly flush the potasstum through the coronary circulation
Usually this spontancous resumption 15 of little significance be-
cause the surgeon 1s ready to terminate the procedure Distention
of the left side of the heart by collateral circulation in addition to
restarting the heart, 1s undesirable because of consequent vascular
engorgement of the lungs For this reason the pulmonary artery
should be left open 1s a vent and septal defects should not be
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suggested that potassium chlonde could be used clmically m the
Licatment of seveie ventiicular anthythmias, and we have no
doubts that 1t has been used many times m experimental suigery
m eflorts to contiol ventircular fibnllation Our observations m
the laboratory and of the nmety-siv patients m whom potassium
citrate has been used to mduce cardiac anest, have convinced
us that the eflect of potassium citiate on the myocaidium 1
tiansient and nontovic It would appear that the myocaidial paral-
ys1s induced by the potasstum mhibits the metabolism of the mus-
cle fiber and gieatly reduces its oaygen need It 1s likewise
apparent that the bond between the paralyzed muscle and the
potassium 1s tenuous and easily severed by the simple expedient
of peirfusmg the coionaiy circulation with oxygenated blood
(One of our patients, a fifty-five-year-old man, had an uneventful
1ecovery after caidiac anest of fifty-eight mmutes’ duration ) The
physicochemical mechanmism by which the heait stops and 1estarts
15 by no means undeistood, but 1t appeais constant i human and
canine heaits, either m health o1 disease

Technic. A vntue of the Mehose technic for elective caidiac
arrest 15 1ts stmphicity not only 1s the potassium citiate easily
admmuistered and 1its effect easily tetminated, but no additional
drugs are requned for antagonustic effects After the patient has
been connected to the pump-oxygenator and a satisfactory flow
1ate of blood thiough the machme has been established, caval
ligatmes are secumed to complete the by-pass of the heait When
the by-pass has been completed, the mean aitenal p1essure should
be lugher than 60 mm Hg (measuied by an mtia-aitenal can-
nula) and theie should be significant decompiession of the right
heart Although after by-pass the heait 1s appreciably smallex and
its output markedly less than noimal, there still 1s a significant
1eturn of blood via the coronary smus and bronchial pathways to
the by-passed heart This flow 1s incieased considerably when there
1s extensive collateral cnculation, such as occurs m patients having
tetralogy of Fallot The aoita 1s cioss-clamped about 2 to 3 cm
distal to 1ts valve, and the potassium citiate—blood mixture 1s 1n-
]ected mnto the proximal occluded segment until asystole 1s com-

plete The muxture 1s mjected quickly through a 22-gauge needle

on which a sleeve contiols the depth of penetration As the heat
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beat weahens the heart appears to dilate as the muscle fibers
relax. Usually the ventricles are paralvzed first the atrml ap
pendages are affected last becwse they are the most penpheral
portion of the coronary circulation

Ongmnally the potassium citrate—blood misture contnmed 2 mi
of 25% potassium citrate mixed with 18 ml of heparimzed blood
taken from the pump reservoir We have since found that one-half
the amount or 1 ml of 25% potessium citrate mixed in 19 ml of
heparinized blood 1s equally effective m small hearts The surg:
cal nurse prepares the mixture immediately before use and it is
placed in a battery of 20-cc. syringes to expedite mjection For a
patient less than five years of nge the contents of one syringe
usually are ndequate however the dose of potassium citrate—
blood mixture for any patient is that amount required to fnduce
complete cardrac arrest as detennined by visual exammation and
by electrocardiographic monitoring The danger of potassium cit
rate overdosage appears to be neghgible

The quiescent heart may be opened through any chamber the
surgeon elects Most frequently it will be the right ventncle or
the nght atrium or both As the blood is removed from the cham
ber by an aspirator the field can be carefully mspected without
fear of a time limit or of an arrhythmia being produced by ma
nipulation If a defect 15 present 1n the ventricular or the atrial
septum there will be a continuous flow of blood from the left
heart caused by the bronchial circulation and any collaterals that
may be present As the defect is closed this blood may appear as
a retrograde flow from the pulmonary artery If an unsuspected
defect is present the flow should appear at the stte of that defect
It must be remembered, however that closure of defects may be
followed by spontaneous resumption of the heartbeat as the
pressure slowly builds mn the left heart to the pomt that 1t will
gradually flush the potassum through the coronary circulation
Usually this spontaneous resumption 1s of little significance be
cause the surgeon 15 ready to termmate the procedure Distention
of the left side of the heart by collateral circulation, in addition to
restarting the heart is undesirable because of consequent vascular
engorgement of the lungs For this reason the pulmonary arteny
should be left open as a vent and septal defects should not be



460 Extracorporeal Circulalion

suggested that potasstum chlonde could be used clinically 1n the
treatment of severe ventiicular anthythmias, and we have no
doubts that 1t has been used many times 1 experimental surgery
m efforts to contiol ventircular fibnillation Our observations m
the labolatory and of the nmety-siv patients m whom potassium
citrate has been used to mduce caidiac anest, have convinced
us that the effect of potassium citiate on the myocardum 1s
tiansient and nontoxie It would appear that the myocardial paral-
ysis induced by the potassium mnhibits the metabolism of the mus-
cle fiber and gieatly reduces its oxygen need It 1s hkewise
apparent that the bond between the paralyzed muscle and the
potassium 1s tenuous and easily severed by the simple expedient
of perfusmg the coronary circulation with oxygenated blood
(One of our patients, a fifty-five-year-old man, had an uneventful
recovery after cardiac anest of fifty-eight minutes’ duration ) The
physicochemical mechanism by which the heart stops and restarts
15 by no means understood, but 1t appeais constant m human and
canine hearts, either m health o1 disease
Techme. A virtue of the Mehose technic for elective caidiac
arrest 1s 1ts simplicity not only 1s the potassium citrate easily
administered and 1ts effect easily termmated, but no additional
drugs are required for antagonistic effects After the patient has
been connected to the pump-oxygenator and a satisfactory flow
1ate of blood thiough the machme has been established, caval
ligatures are secured to complete the by-pass of the heart When
the by-pass has been completed, the mean artenial pressure should
be higher than 60 mm Hg (measured by an mntra-arterial can-
nula) and there should be significant decompiession of the right
heart Although after by-pass the heart 1s appreciably smaller and
its output markedly less than normal, there stll 15 a sigmficant
return of blood via the coronary smus and bronchial pathways to
the by-passed heart This flow 1s increased considerably when there
1s extensive collateral arculation, such as occurs i patients having
tetralogy of Fallot The aorta 1s cross-clamped about 2 to 3 cm
distal to 1ts valve, and the potassium aitrate—blood mixture 1s m-
ccted mto the prosimal occluded segment until asystole 15 com-
plete The mnture 1S mjected quickly through a 22-gauge needle
on which a sleeve controls the depth of penetration As the heart
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probably occurs much morc frequently duning open heart opera
tions than 15 generally realized and it is of relatiy ely little sigmfi
cance
Cardiac arrest techniques that involve cross-clamping the aorta
emphasize the frequency of this complication because all air 15
trapped proumal to the aortic clamp This portion of the norta 1s
uppermost, and on the removal of the clamp the air moves back
ward wath the retrograde perfusion and must ey entually be dis
solved or enter the coronary ostia particularly the anteriorly situ
ated nght one As has been mentioned 1t 15 not infrequent to see
a number of small hubbles course through the coronaries when
the aortic clamp is first removed With the lagh flow rates now
in use sigmficant delay in resumption of heartheat or significant
arrhythmiss rarels occur in these cases If difficulties do ensue
perfusion rates should be increased as much as feasible and sub-
sequently electric shock used as Indicated We are unaware of
any mstance in which air embolism of this type has resulted
more than temporary discomfiture to the operating team
In general a delay in starting of the quiescent heart is most
commonly explained by madequate myocardial perfusion this in
turn may be produced by air emboli improperly placed arterial
cannula or too low rate of flow of oxvgenated blood from the
pump-oxygenator Experience with varying rates of perfusion has
clearly demonstrated the adyvantages of the high rates the heart
starts far more rapidly the Incidence of arrhythmia is greatly re
duced, and the postoperativ e course is smoother with less metabo-
hic acidosis
Probably the most significant factor in lowering operative mor
bidity and mortality in our senes of cases has been the increase in
rates of perfusion to levels much greater than those dictated by
the “azygos flow principle " We now use flow rates of from 70 to
100 ml per klogram of body weight per minute which usually
give “on the run” mean blood pressures of from 60 to 100 wmm
Hg Chese creased rates of flow have resulted in a marked ac
celeration m the restarting of the arrested heart and a reduction
m postarrest arrhythmias Now vigorous contractions are almost
alwavs apparent within one mimute after the aorta has been un
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closed until all other mtiacardiac woik, such as excision of mfun-
dibular muscle, has heen accomphshed

Restaiting the quiescent heait 1s even simpler than anesting 1t
When the mtiacardiac procedure has been completed, the mitial
meision may be closed entuely o1 m pait If the mncision 1s closed
entnely, every effort should be made to 1emove all air from the
chambers o1 major vessels The occluding clamp then 1s 1emoved
from the aoita and as the coronaly enculation 1s 1esumed by the
peifusion appaiatus, the potassium citrate—blood mture 1s
washed fiom the myocardium and escapes mto the nght side of
the heait by way of the coronaiy smus and Thebesian vems It 1s
ou piactice to allow the blood that 1s first 1eturned to overflow
thiough the paitially closed mcision and, as the heart spontane-
ously 1esumes 1ts beat, to complete the closure As stated previ-
ously, the bond between the potassium electiolyte and the para-
lyzed muscle 1s extiemely tenuous and 1s rapidly dissolved by ade-
quate peifusion of the heait by oxygen-satmated blood from the
pump-oxygenator In the majouity of instances the heart 1esumes
an effective beat within one mmute after that peifusion, and 1s
capable of mamtaming a satisfactory pressure within five to ten
minutes after contiactions are restored None of our patients has
had a significant postoperative 11se mn serum potassium values o1
any untowaid systemic effects fiom the doses used

Avoidance of Complications. If the peifusion of oxygen-satu-
rated blood from the pump-oxygenator 1s adequate and prope:
techmque has been utilized, the heart should resume an effective
smus rhythm Sigmificant anhythmias, particulaly ventricular
tachycaidia o1 ventiicular fibuillation, suggest myocaidial anoxia
and this complication most fiequently 1esults fiom the piesence
of air m the coronary circulation Frequently, this air can be seen
as bubbles 1n the radicles of the colonary vessels and 1s associated
with a patchy discoloration of the myocaidium The maintenance
of a satisfactorily high flow of oxygenated blood will cause the ar
to pass on 1apidly and the color of the myocardium to mmprove
steadily It 1s usual for ventricular tachycaidia or fibnllation to
convert spontaneously to a smus rhythm when proper myocardial
oxygenation 18 ye-established Minor air embolism mto the aoita
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first onc hundred and fifteen patients It is not a standard pro-
cedure for correction of valvular pulmonary stenosis and ostium
secundum defects of the auricular septum

Experience with both clinical and experimental operations in
which elective cardine arrest by the Melrose technique was em
ploved has failed to demonstrate any undesirable side effects that
might be attnbuted to the potassium citrate or to the manner m
which it was used Although we have had misghngs along the
way time and further experience so far have vindicated the use
of potassium citrate \Most of the accidents that haye been brought
to our attention can be attributed dircctly to improper usc of the
techmque It must be remembered that electine cardinc arrest 1s
strictly an adjunct to open heart operations if the basic equp
ment and the resultant perfusion are mmadequate the problems
will only be compounded by the use of cardac arrest

In general there are three factors that will help the surgeon to
avoid difficulties when cardiac arrest 15 employed However these
factors are important to any type of open heart operation wath or
without elective cardiac arrest

1 Maintenance of ugh rates of flow of oxy genated blood from
the pump-oxygenator

2 Regulation of body temperature to approximato the normal
as closely as possible

8 Preventlon of air being trapped in the heart

REFERENCES

1 holf W J Effer D B Groves L K Peereboom G Aoyama S
and Sones F M., Jr Elective cardiac arrest by the Melrose tech
nic potassium asystole for expenmontal cardine surgery Clece
land Clin Quart 23 98-104, 1956

2 Effler D B Groves L K Sones F \[ Jr and Kolff W J Elec
tive cardiac arrest in open heart su I
Cleveland Clin Quart 2?;?05—114, I(;‘gﬁery eport of three cases

3 Ringer S Further contribution regarding influence of different
constituents of blood on contraction of heart J Physiol 4 2949,
1 plate 1883

4 Hooler D R On recovery of heart i clectric shock. Am J Physiol
81 303-328 1929



464 Irtracorporeal Curculation

clamped. With igh flow 1ates, the madence of ventricular
aithythmias has been 1educed even m patients having coronary
an embol

An additional factoxr that should be considered mn the safe con-
duct of a patient thiough this procedue 1s hbody temperature. The
widely opened chest and the extiacor poseal blood cucust both are
gicat potential sites of heat loss Hypotheimia n itself has had
wide apphcation m caidiac swgery, but 1t has been our impres-
sion that this 1s an additional cause of myocardial nritation and
should be avoided when a pump-oxygenator 1s used Certamly
with the high perfusion 1ates now used, the addition of hypother-
mia 15 not necessaiy, and this potential source of aithythmia and
1educed cardiac activity constitutes only an additional hazard.
We have seen gieatly depiessed caidiac activity with prolonged
low postoperative blood piressues after potasstum citrate arrest
dunng which the patient’s temperatuie fell to the low 90’s on the
Fahienheit scale Fuitheimore, such patients tend to show periph-
eral cyanosis The 1esponse to 1ewaimmg may be dramatic and,
more mpor tantly, the same difficulties will
aie taken to avoid low body temperature~

A theoietical objection to the uc
has been that one will then be »
occluded conduction tissue 1
might be anticipated to be ex
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first onc hundred and fifteen patients It is not a standard pro
cedure for correction of valvular pulmonary stenosis and ostium
secundum defects of the auricultr septum

Experlence with both climeal and expenimental operations in
which elective cardie armrest by the \elrose techmque was em
ployed has failed to demonstrate any undesirable side effects that
might be attnbuted to the potassium citrate or to the manner m
which 1t was used Although we have had misgivings along the
way time and further experience so far have vindicated the use
of potassium citrate \lost of the acaidents that have been brought
to our attention can be attributed directly to improper use of the
technique It must be remembered that electine cardiac arrest 1s
stnctly an adjunct to open heart operations if the basic equip
ment and the resultant perfusion are inadequate the problems
will only be compounded by the use of cardiac arrest

In general there arc three factors that will help the surgeon to
avoid dufficulties when cardiac arrest is employed However these
factors are important to any type of open heart operation with or
without electi e cardinc arrest

1 Maintenance of high rates of flow of oxygenated blood from
the pump-oxy genator

2 Regulation of body temperature to approumate the normal
as closcly as possible

3 Prevention of air being trapped in the heart
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CLINICAL EXPERIENCE WITH RETROGRADE
PERFUSION OF THE CORONARY SINUS FOR
DIRECT VISION AORTIC VALVE SURGERY
WITH OBSERVATIONS UPON USE OF
ELECTIVE ASYSTOLE OR TEMPORARY
CORONARY ISCHEMIA

By

C. WartoN LiLLener, M.D., ViNcent L. Gort, M.D., RoBERT D.
SELLERS, M.D., PauL C. Hoboces, M.D., and
Ricuarp L. Varco, M.D.

ALMOST TWO YEARS AGO, m this chnic, a thirty-nine yea old
woman with seveie acquired calcific aoitic stenosis had a duect
vision repan of her diseased valve utihzing a pump-oxygenator 1n
combmation with 1etioperfusion of the coronary sinus * This tech-
nic allowed for a precise, deliberate plastic repan of the valve
while providing the contracting myocardium with oxygenated
blood An excellent clinical 1esult was achieved m this patient, and
she 1s living and woiking as a normal individual at this time. Smce
that mitial case, retiograde perfusion of the coronary smus has
been employed m ten additional patients for a vauety of lesions m-
volving the left heait The results of these operations aie pr esented
at this time, together with peirtinent comparative obseivations de-
1ved from eaperience in nme other patients with aoitic valve dis-
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ease in whom alternati ¢ techmics (clectiy e asystole with potassium
citrate or neetyIcholine temporary coronany 1schenua) for direct
viston nortic valve surgeny have been tested in conjunction with
total cardiopulmonary by pass at normal body temperture utiliz
ing the pump-ox genator

Method of Coronany Sinus Retroperfusion

The patient is connected to the pump-oxygenator (bhubble)?
in the usual manner and the perfusion s begun totally by passing
the heart and lungs The right atrium 15 opened and an appropri
ately sized plastic catheter (usually #I14F to 16F) with a ngid
plastic tip is inserted mto the coronary sinus and secured 1n place
with a purse string suture (Figure 185) On the basis of consider
able laboratory experience * it 1s behe ed that the optimal perfus
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Fic 185 Technic for retroperfusion of the coronary sinus to permit aortotomy
with maintenance of the coronary clreulation dunng total cardiopulmonary
by pass utilizing cvtracorporeal arculation
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mg piessuie for this 1etiograde coronary sinus flow 1s a mean of
about 35-40 mm Hg We have achieved this perfusion pressure by
seveial technics, but the simplest method has been to peifuse the
coronary smus fiom a 1eservon of oxygenated blood approximately
50 ecm above the heait The blood volume 1n the 1eservon 1s mam-
tamed by an iflow of aitenial blood fiom the oxygenator (Figure
186) After starting the 1etioperfusion the ascending aorta 1s cross
clamped, and 1if an aoitic valvuloplasty 1s to be performed, the
ascending aorta 1s mased longitudmally The diseased valve 1s
then 1epaned under dnect vision When the valvuloplasty 1s com-
pleted, the aoitotomy 1s 1eapproximated by application of a suit-
able vascular clamp and caiefully closed with a 1unning silk su-
ture Any iesidual an within the aoita 1s eapelled by the retiograde
flow as the aoitotomy 1s sutmed As soon as the ao1totomy has been
closed, the 1etioperfusion 1s tetmmated and the clamp 1emoved
fiom the aoita, 1estoring forward coronary perfusion

Recently, we have used acetylcholme-induced asystole m com-
bmation with 1etioperfusion After commencmg the perfusion of
the coronaly sinus, acetylcholine 1s mjected mto the retrogiade
catheter until theie 1s almost a complete standstill The retrograde
catheter 1s then clamped (Figuie 186, mset) This technic facilitates
the anest of the heait, and also provides a still, dry field during the
few mmutes that the valvuloplasty 1s being performed Before the
aoitotomy 1s closed, the clamp 1s removed fiom the retiograde
catheter This allows aiterial blood to wash the acetylcholine fiom
the myocaidium and 1emstitutes good strong contiactions before
forward perfusion 1s restarted In aortic valve lesions where theie
often may be some degree of msufficiency present, 1t 1s very 1mm-
portant that the left ventiicle be beating at the time that forward
coronary perfusion 1s restored Otheirwise ireversible left ventricu-
lar distension can occur Two fatalities fiom this cause following
potassium citrate asvstole are summanized below

An alternative method has been to add enough acetylcholme
to the perfusing blood to mamtam the airest even though the
1etioperfusion continues This procedure 15 deemed more feasible
where a longer period of ariest might be needed such as m coro-

nary arterv surgery
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Early in our chmeal experience with retroperfusion, the coronary
sinus was perfused with a separte Sigmamotor Pump calibrated
to delner a predetcrmmed flow of artcril blood to the mvo-
cardiim This techmque was simplified subsequently by removing
the pump and securmg ow genated blood directly from the mam

Clamp is opened and closed

Acetylcholine «0 as to malntaln level in reservolr

3,

“*"To Coronary Sinus

Acterial Line
from Oxygenator
Coronary

Sinus Level To Coronary To Arterial Catheter

Slnus Catheter
Fic 188 Theo most convenient method for controlling the pressure of the
arterlal blood retroperfusing the coronary mnus is to perfuse from a reservolr
elevated 40 to 55 cm above the heart. Inset Portravs ono techntc for retro-
grade arrest (sco text for detals)

arterial imb of the oxy genator through a Y connector The pressure
in this coronary sinus perfusing circuit was regulated by an ad
justable clamp and monitored contmuously by a strain gauge and
Sanborn twin viso recording apparatus Although the two forego-
g methods provided a proper coronary sinus flow the technique
of perfusing from a reser oir at 50 cm. has been the simplest gnd
therefore the most satisfactory for clinical use (Figure 186)
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mg pressure for this retrograde coronary sinus flow 1s a mean of
about 33-10 mm Ha We have achieved this perfusion pressure by
several techmes but the simplest method has been to perfuse the
coronary smus from a reservoir of oxy genated blood approvimately
30 ¢m above the heart The blood yvolume i the resery oir is main-
tamed by an mflow of arternal blood from the oxy genator (Figure
1561 After starting the retroperfusion the ascending aorta 1s cross
clamped and f an aortic valvuloplasty 15 to be performed, the
ascending aorta 15 mased Jongitudmally - The diseased valve 1s
then repaired under direct vision When the valy uloplasty 1s com-
pleted. the aortotomy 15 reapprovimated by application of a suit-
able vascular cdamp and carefullv closed with a running silk su-
ture Any residual air within the aorta 1s expelled by the retrograde
flow as the aortotomy 1s sutured As soon as the aortotomy has been
closed. the retroperfusion 1s terminated and the (Jamp removed
from the aorta. restoring forw ard coronary perfusion
Recently. we have used acetvIcholme-induced asystole i com-
bination with retroperfusion After commencing the perfusion of
the coronary simus acetilcholine 1s mjected 1nto the retrograde
catheter until there 1s almost a complete standstill The retrograde
catheter 1s then clamped (Figure 186 mset) This technic facilitates
the arrest of the heart. and also provides a still. drv field during the
few munutes that the valvuloplasts 1s being performed Before the
aortotomy 1s closed, the clamp 1s removed from the retrograde
catheter Thus allows artenal blood to wash the acetvlcholine from
the mvocardium and remstitutes good strong contractions before
forward perfusion 1s restarted In aortic valve lesions where there
often max be some degree of insufficiency present. 1t 1s very 1m-
portant that the left 1entnicle be beating at the time that forward
coronary perfusion is restored Otherwise e ersible left ventricu-
lar distension can occur Two fatalities from this cause followmg
potassium Citrate asy stole are summarnized below
An alternative method has been to add enough acetvicholne
to the perfusmg blood to mamtam the arrest even though the
retroperfuswn continues This procedure 1s deemed more feasible
where a longer period of arrest might be needed such as in coro-

narv artery surgery
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In the congenital valvular lesions although the cusps were mde
terminite m number the leaflets were m all mstances soft and
pliable allowmng = precise commissurotomy under direct vision In
all congemtal valyar stenoses we have converted the valve open
ing into a bicuspid onfice All the valves in the acquired disease
group were heavily laden with ealeum  which in some cases
urtually obhterated the cusp-commissure lindmarks Three of
these had sev ere stenosis and the fourth had a predominant regur
gitation with the valve fived n a three-quarters open position
These valses were examuned tharoughly at the time of surgery
and if the commissures could be delneated they were incised
carefully using cither a scalpel or scissors If the commissures
were completely obliterited two opposing maisions were made
thus forming a bicuspid valve wlich seemed to function very w ell
(Case 1 Table I) Occasionally calcified spicules acting as struts
between the cusp margins and the ntima of the aorta within the
smuses of Valsaha were found and removed. In all cases Hegar
dilators or the surgeonss fingers were passed through the valve to
msure an adequate orifice and to aid in mobihzing the leaflets fol
lowing the placement of these mcisions Pressures were recorded
in the left ventricle and aorta before and immediately after valvu
loplasty in four of the patients and these are listed in Table I The
umprovement in the respectine pressure gradients after valvulo-
plasty 1s apparent from these data One of tho best results was
achieved m a patient (Y M ) who had a subvalvular diaphragm A
wide incision of this diaphragm completely abolished the 100 mm
Hg pressure gradient between the ventricle and aorta
Four of the seven patients with aortic stenosis have shown ex
cellent clinical improvement as a result of their direct vision valvu
loplasty and are lving and well at this time Likewse the patient
with predommant aortic regurgitation has achieved and main
tamed an excellent climeal improvement following mobilization of
her sortic leaflets under direct vision
m;[“}:]e;e]\\zre three deaths amongst this group of eight aortic
plasties One patient (J H ) had a severely caleified aortic
::tl;]&; :ﬂ‘;ﬁeol\':]e gl:)f; (}w mmr;:iscilnrc incisions apparently created an
after surgen A ﬁcff:e: \“cmi- olgol:)mbumd to his death two days
v (J D) sustained an unfortu
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Clinical Results with Coronary Retroperfusion

The relevant data on the eleven patients undergomg retroper-
fusion 15 histed m Table I (pages 472-473)

AORTIC VALVOTOMY

Thoracotomy Incision. The preferred meision for aortic com-
mussurotomy under direct vision utiizing the pump-oxygenator,
has been a standard thoracotomy through the bed of the right
fourth nb with the patient mn a straight lateral position and posi-
tioned on the operating table so that the kidney rest lies directly
under the mcision Elevation of this rest after the chest has been
opened gives excellent exposure to the ascending aorta The caval
cannulations and access to the coronary simus for retroperfusion
are readily accomplished from this approach The arterial cannula
has been mserted either mto the right subclavian or common
femoral artery

The first patients operated upon by us for aortic stenosis m which
the pump oxygenator was used for total cardiopulmonary by-pass,
had a bilateral anterior thoracotomy, but the exposure of the aortic
valve 1s not improved over the umlateral (right) thoracotomy, and
the likelthood of respiratory complications from the more extensive
bilateral mncision 1s certamly greater

In several of the patients with congemtal aortic stenosis where
there was evidence of such possible associated defects as patent
ductus arteriosus, pulmonary stenosis, or left superior vena cava,
we have continued utilization of the bilateral thoracotomy to al-
low management of these associated lesions at the same time

Aortotomy After mvestigating several types of incisions m the
aorta, we believe the most feasible to be a longitudmal hockey
stick aortotomy which curves as the annulus 1s approached so that
1t ends up almost parallel with the annulus and just above 1t This
mcision prevents extensions into the coronary arteries by mad-
vertent tears, and also the flap-like opening provided improves the
visualization of the aortic valve cusps

Results. Eight patients had aortic valve disease Three of these
mndividuals had congenital valvular stenosis, one had a congenltal
subvalvular stenosis, and 1n the remamning four patients the aortic
valve was the site of acquired disease
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In the congenital valvular lesions although the cusps were mde
terminate in number the leaflets were In all instances soft and
phable allowing a precise comnussurotomy under direct vision In
all congenital valvar stenoses we hive comverted the valve open
ing mto a hicuspid onfice Al the vilves i the acquired discase
group were heavily laden with calewm which in some cnses
virtually oblterated the cusp-commissure landmarks Three of
these had severe stenosis and the fourth had a predominant regur
gitation with the valve fixed m a three-quarters open position
These valves were examined thoreughly at the time of surgen
and if the commissures could he delincated they were meised
carefully using either a senlpel or scissors If the commissures
were completely obliterited two opposing ncisions were made
thus forming a bicuspid valve which seemed to function very well
(Case 1 Table 1) Occasionally calcified spicules acting as struts
betwcen the cusp margins and the mtim of the aorta within the
sinuses of Valsalva, were found and removed In all cases Hegar
dilators or the surgeon s fingers were passed through the valve to
fnsure an adequate onfice and to aid m mobilizing the leaflets fol
lowing the placement of these Incisions Pressures were recorded
wn the left ventnicle and aorta before and immeduately after valvu
loplasty in four of the patients and these are Iisted in Table I The
improvement i the respective pressure gradients after valvulo-
plasty is apparent from these data One of the best results was
achieved in o patient (W M ) who had a subvalvular diaphragm A
Wide incision of this diaphragm completely abolished the 100 mm
Hg pressure gradient betw een the ventricle and norta

Four of the soven patients with aortic stenosis have shown ex
cellent cliical improvement as a result of their direct vision valyu
loplasty and are Living and well at this hme Likewise the patient
with predommant norhe regurgitation has achieved and main
tained an excellent clinical improvement following mobihzation of
her nortic leaflets under direct vision

There were three deaths amongst this group of eight aortic

:’ﬂ{\'\ﬂoplastles Onc patent (J H) had a severely calaified zorhc
iﬂ \Ic and one of the commissure mcisions apparently created an

ntolerable insufficiency which contributed to his death two days
after surgery A fifteen vear old boy (J D) sustamed an unfortu
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nate cvent when a tiansveise aor totomy Just above the coronary
artenies was utiized Duing dilatation and excision of the sub-
valvular component of his stenosis, this cinculal meision was torn,
completely transectmg the ascending aoita The aoita was re-
anastomosed duimg thuty-two minutes of 1etroperfusion, during
which time the heait continued to beat very well Unfortunately
five mmules of caidiac mflow stasis was 1equired after texmina-
tion of the 1etiopeirfusion to complete the repair of leaks
the postenor sutwie line of the aoita The combimation of this
anoxia, together with hemoithage, caused the heart to go into 1r-
1eversible ventiicular fibrillation The thnd death was n a seri-
ously 1ll infant (PK) who had a congemtally stenotic valve
opened widely under direct vision The operative procedure and
immediate postoperative mter val were uncomphcated There was
no postoperative aortic msufficiency She died suddenly eight
hows after smgery and postmortem 1evealed severe endocardial
fibroelastosis of the left ventiicle which apparently led to her
demise

Surgical Results in Other Lesions Using Retroperfusion

Retioperfusion of the coionaiy smus has been utihzed for the
1epair of three other types of caidiac lesions ** A gul (Case 9,
Table I) had a ruptuied aneurysm of a smus of Valsalva mto the
right venticle Utihizing retioperfusion, the ascending aorta was
cross-clamped to prevent a deluge of back bleeding thiough the de-
fect A completely dry field then permitted an easy closure of the
1uptured smus with mteriupted sutures placed via a right ven-
tiicular caidiotomy The patient 1emains cured at this time A
two yea1 old boy (Case 10, Table I) had complete tiansposition of
the gieat vessels, and during 16 mmutes of retroperfusion the as-
cending aorta was tiansplanted, complete with aortic cusps and
coronary aiterles, and anastomosed to the p1oximal segment of the
transected pulmonary attery The distal poition of the pulmonary
artery 1n turn was connected to a newly created orifice m the
right ventricle by a homogiaft The duration of the total caidio-
pulmonary by-pass was 1 hour and 17 minutes The heart beat
took over 1n an excellent fashion and the repairs appeaied to func-
t1on well However, death occuired several hours later, possibly as
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a result of the valvcless pulmonan arters and pulmonan lnper
tension The third paticnt i this series was a two month-old il
(Case 11 Table 1) wath an nortic pulmonan septal defect in the
usual loetion just distad 1o the nortie leaflcts Using retroperfusion
this fistulh ws divided under dircet vision and the Interal defects
in the aortr nd pulmonwn arteny repured The patient had
severe respiratony disticss bogmng on the thurd postoperative
day and died ten davs fter surgen Postmortems cxamination
showed complete correction of the septal defect togcther with 2
dulfuse bronchiolitis obhiterns and widespread seyere intimal pul

monary artenolar proliferation No doubt the childs severe pul

monary  hvpertension and occlusive arteriolar lesions were a
major contribution to her death from the supenmposed inflam

matory lesions in her lungs In each of these eleven patients the
retroperfusion maintained the he wt well and free of the develop-
ment of arrhythmias None of the hearts developed ventricular
fibrillation during or immedintcy after their mterval of retroper

fuston except Case 7 (Table I) in which there were obvious com

plicating factors

OTHER TECIHNICS FOR EXPOSURE OF
AORTIC VALVE AREA

At the present time there are several technics available to the
cardiac surgeon which permit direct wvision surgery in the area
of the aortic valve and ascending aorta

Hypothermia Hypotherma which has been used by Lewis*
and Swan* appears to have two serious disadvantages namely a
Testrictlon of operative Hime m this aret and an mcreased yntabil
Ity of the myocardum

Potassium Citrate Asystole In this clinic, retroperfusion of the
coronary sinus In combination with a pump-oxy genator was first
wed on a pationt 1n January 1856 At that time no other oxvgena
tor techmque was available for exposure of the aortic valve Retro-
perfusion has worked very well but does ental the additional
tometimes difficult cannulation and purse string suturing of the
cathcter fnto the coronary sinus ostium Thus when the cardio-
Plegic drugs became available and had proven satisfactory for
other types of mtracarchac defects” * such as ventricular defects



474 Iatracorporeal Circulation

nate event when a tiansveise ao totomy just above the coronary
arterzes was utihized Duning dilatation and excision of the sub-
valvular component of Tis stenosis, this cucular meision was torn,
completely tiansecting the ascendmg aorta The aoita was re-
anastomosed during thnty-two minutes of 1etroperfusion, during
which time the heait contimued to beat very well Unfortunately
five minutes of cardiac mflow stasis was 1equued after termma-
tion of the 1etiopeifusion to complete the 1epair of leaks m
the posterior sutuie line of the aota The combmation of this
anoaia, together with hemonhage, caused the heart to go mto 1r-
1evelrsible ventiicular fibnillation The thnd death was m a seri-
ously 1l mfant (PK) who had a congemtally stenotic valve
opened widely under dunect vision The operative procedure and
immediate postoperative mterval weie uncomphcated There was
no postoperative aortic msufficiency She died suddenly eight
hows after smigery and postmortem 1evealed severe endocardial
fibioelastosis of the left ventricle which appaiently led to her
demise

Surgical Results in Other Lesions Using Retroperfusion

Retioperfusion of the coronary smus has been utilized for the
1epan of thiee other types of caidiac lesions #* A gul (Case 9,
Table I) had a ruptwed aneurysm of a smus of Valsalva mto the
right ventiicle Utilizing retioperfusion, the ascending aorta was
cross-clamped to prevent a deluge of back bleeding through the de-
fect A completely dry field then permitted an easy closure of the
ruptured sinus with mtenupted sutuies placed via a 1ght ven-
tricular caidiotomy The patient 1emams cuied at this time A
two year old boy (Case 10, Table I) had complete transposition of
the gieat vessels, and duimg 16 mimnutes of retioperfusion the as-
cendmg aorta was tiansplanted, complete with aoitic cusps and
coronaly arterles, and anastomosed to the proximal segment of the
transected pulmonary artery The distal portion of the pulmonary
artery m turn was connected to a newly created orifice mn the
nght ventricle by a homogiaft The duration of the total cardio-
pulmonary by-pass was 1 hour and 17 mmutes The heart beat
took over m an excellent fashion and the repans appeared to func-
t1on well However, death occurred several hours later, possibly as
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one normal commissure and two fused ones resulting fn a valve
omifice of 12 to 14 mm in diamcter The exposure was excellent
The two fused cusps were crefully incised to the aortic annulus
and the leaflets mobilized resultg in what appeared to be an ex
cellent valvuloplasts Following this the nortotoms was closed and
the nortic cross climp remosed after an arrest period totaling
cleven minutes

The left v entricle remained in complete arrest and was absolutely
resistant to all attempts to restart 1t Sequentially massage ad
renalin calcium and electneal sumulation were utilized without
avail, The left « entricle continued to distend unless emphied manu
ally After 90 minutes of perfusion during which thesc cfforts con
tinued the patient was pronounced dead.

Autopsy disclosed an excellent commissurotomy  Massive lcft
ventricular hypertrophy was present An incidental finding of in
terest was a functioning pheochromocs toma of the right adrenal
gland

Case 2: This cight year-old boy was known to have a heart mur
mur since 14 months of age Cardiac catheterization and explora
tory thoracotomy for a patent ductus arterfosus was carried out
elsenhere at the age of five years Do ductus was found The
pericardium was opened and a very pronounced thrill was found
in the right ventricle The aortn was enlarged, actively pulsating,
and together wath the continuous thnll resulted in the diagnosis
of ruptured aneurysm of the sinus of Valsalva The operative pro
cedure was then terminated. Subsequent recatheterization and
angiocardiography were interpreted as confirmatory of this dingno-
sis

Physical findings at the time of admission were a blood pres
sure of 108/0 & palpable thrll over the precordium and a loud
continuous murmur heard over the sternum and transmtted to
the right and left and to the back.

On Aprll 29 1857 corrective surgeny was carned out Upon
opening the pericardium a very substantial thrill was present in
the right ventriclo as previously described [his thrill appesred to
originate from the aorta in the region of origin of the rght coronary
artery  This fact together with some aneurysmal dilatation in
this region led to the dingnosis of a ruptured aneurysm of the
sinus of Valsalva The norta was much enlarged, contrasted with the
usual case of ventricular defect, and thus too seemed to be in favor
of a ruptured sinus of Valsaly a ancurysm
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and tetialogy of Fallot, we felt that caidioplegia could be the an-
swel to a simphfied method for temporar y aortic valve exposure
Ow 1mtial expertence with ca dioplegia for aoitic valve disease
was with potassium cihate Both patients died on the operating
table due to an mability to 1estait then hearts after only very brief
peniods of asystole A bief summa y of these two chastening ex-
penences with complete caidiac anest i patients with advanced
aortic valvulay disease aie summanized below

Case 1: The recent symptoms m this 38-year-old man which led
to lus refeiral for corrective smgery, weie mability to work be-
cause of dyspnea and decreased physical strength associated with
episodes of syncope upon mld exertion A systohc muimur over
the aortic area was first detected 1in 1946 while he was still in the
army In 1952 he was hospitalized for this disabihity for the first
time In 1954, he developed subacute bacterial endocarditis winch
was successfully tieated durmg a prolonged mteival of hospital-
1zation

Physical examination disclosed a palpable thnll m the aortic area
with a loud blowmg systolic murmwm with its maumal ntensity
over the aortic valvular aiea, rachating up mto the neck and m all
directions There was also a blowmg diastohc murmur audible n
the aortic area and tiansmitted down along the left steinal border
of the sternum The blood pressuie was between 140/60 to 160/80
at various examinations

Roentgenography showed marked cardiomegaly due to left
ventircular enlargement, and calcification of the aoitic valve area
was readily apparent The electiocardiogram was abnormal due
to marked left ventricula1 hypertrophy and stiamn

The to-and-fio murmuis and othexr findings confirmed the diag-
nosis of caleific aoitic stenosis and msufficiency

Operation was undertaken March 27, 1957, entering the chest
through the bed of the nght fourth rib with the patient mn a
lateral position The ascending aorta was huge m size and a
pronounced systohic thnill was present m 1t There was also a
marked diastolic thiill in the left ventricle

The patient was Iinked to the pump-oxygenator mn the usual
tashion, by-passing the heart and lungs The aorta was cros’f-
clamped proxlmal to the mnommnate artery, and 120 cc of 2%%

otassium citrate mjected mto the first portion of the aorta pro-
duced asystole The ascending aorta was then opened, disclosing
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In such heart it 1s understandable why potassium citrte which
gives 1 profound degree of relxation of the carde musculature
when perfused into the coronary eirculition 15 so dangerous The
problem appe s to be primarily although perhaps not entirely
a mechameal onc viz. imbility to wash out the potassium citrate
even though s m these two cases the perfusing hend of pressure
be raised to les s aboy e normal

After these two trgic experiences with potassium citrate we
have abandoned its use for nortic valve surgenn These two pa
tents both had v ery ses ere aortic valvular disease with marhed left
ventneular myvocardial hvpertrophy  One patient had only four
minutes of arrest and the other eleven mmutes In each when
the aortic clamp was removed restormg coronary perfusion to
the paralyzed myocardinm  the flaceid left ventricle distended
severely augmented by the shght degree of aortic msufliciency
which 1s present i many of not most of these cases The extreme
distension of an ischemic flaccid heart 1n combination with a poorly
perfused hypertrophied mvocardium led to ireversible fibrillation
m both cases Moreover effectine massage 1s usually difficult be-
cause of the massive concentric hypertrophv of these hearts After
these two poignant experiences with complete cardiac arrest m
cases with advanced left ventricular discase 1t was realized that
ideally the heart should be beating during the valvuloplasty or be
fore systemic blood pressure was restored to the aortic valve The
contracting left ventricle could then eject anv blood that might
flow back through slightly rcgurgitant valves when the clamp on
the ascending aorta was removed

Case 2 ilustrates another lesson worthy of emphasis namely
the folly of arresting the heart before opening 1t to mspect the
nature of the pathology To date we have utilized induced cardio-
plegia m over one hundred patients and this patient is the only
one in the serfes m which we have arrested the heart before \en
triculotomy In this particular patient we were musled by the fact
that the extermal pathology appeared so typical of ruptured an
cunvsm of a sthus of Valsalva together with the fact that potassium
citrite asvstole had worked well 1n two patients' with this pa
thology

Total Cardiac Ischemia Since aortic cornmissurctomy  in some
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After msertion of caval and aitenial catheters, by-passing the
heart n the usual fashion, the ascendmg aorta was cross-clamped
Just below the mnominate artery, and 50 cc of 2%% solution of
potassium citrate diluted mn blood was mjected mnto the proximal
aorta This resulted m a prompt asystole and a right ventriculot-
omy was carried out disclosing, mstead of the anticipated rup-
tured anewysm, a moderately sized (15 c¢m) congental mem-
branous defect mn the ventricular septum with complete incom-
petence of the aortic valve Sutures were placed across the
ventricular defect and several were tied Before completing tying
the remainder, the clamp was removed from the aorta in order to
1e-establish the carchac beat after a period of asystole of only
four mimutes However, throughout the remamder of the perfusion,
lasting two hours, no left ventricular beat could be re-established

Whenever an attempt was made to try to close the defect or
close the nght ventricle, the left ventricle would enlarge tre-
mendously To contiol this complication, a tourmquet was even
passed aiound the aortic annulus and beneath the coronary
arteries to allow coronaiy perfusion and to prevent left ventricu-
lar distention This was without effect upon the completely para-
lyzed left ventricle Eventually the ascendmg aorta was opened
and an attempt was made to repawr the aortic msufficiency by
direct sutuie of the leaflets converting them mto a bicuspid orifice
This was successful i controlling the regmgitation, but we were
unable to restore a heart beat

Pathologic Physiology. In advanced aortic valvular disease the
left ventircular hypeitiophy 1s massive, and doubtless exceeds the
available coronaiy supply, even though the latter may be entirely
fiee of aiterioscleiotic disease This relative coronary msufficiency
was the basis for the sudden deaths due to ventiicular fibrillation
charactenstic of these patients Moieovel, 1t 1s not uncommon for
the myocaidium m heaits with advanced left ventricular hype:-
tiophy to exlubit aieas of ischemic neciosis This latter finding
1s particulaily hable to be present mn the mner layers of the myo-
cardium where the Ingh left ventiicular pressuies constitutes an
added obstacle to the coronary circulation If m addition there
1S supenmposed some coronaly artery obstructive disease as of ]tm:
happens older patients with acquned lesions, 1t 15 obvious tha
the blood supply to these hearts can often be submargmal
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In such heart it fs understmdable why potassium aitrate which
gives a profound degrec of relavation of the crdine musculture
when perfused mto the coromin arculation 1s so dgerous The
problem appears to be primaridy although perhaps not entirely
a mechanical one viz inibihty to wash out the potassium aitrate
even though as m these two cuses the perfusing head of pressure
be raised to ley ¢ 1s aboy e normal

After these two tragie evpeniences wath potassum citrate we
have abandoned 1ts usc for aortic valve surgery Theso two pa
tients both had veny ses ere nortic yalvular disense with marked left
ventnicular myocardial hvpertrophy  One patient had only four
minutes of arrest and the other cleven mimutes In each when
the sortic clamp was removed restoring coronary perfusion to
the paralyzed myocardium the flaceid left ventricle distended
severcly augmented by the shght degree of nortic wsufficiency
which 1s present in many if not most of these cases The extreme
distension of an ischemic flaceid heart in combination with a poorly
perfused hivpertrophied myocardium led to irreversible fibrillation
wm both cases Moreover effective massage is usually difficult be-
cause of the massi e concentric hypertrophy of these hearts After
these two poignant experiences with complete cardiac arrest in
cases with advanced left ventricular disease it was realized that
ideally the heart should be beating during the valvuloplasty or be
fore systemic blood pressure was restored to the aortic valve The
contracting left ventricle could then efect any blood that might
flow back through shghtly regurgitant valves when the clamp on
the ascending aorta was removed

Case 2 1llustrates another lesson worthy of emphasis namely
the folly of arresting the heart hefore opeming 1t to inspect the
nature of the pathology To date we have utlized induced cardio-
plegin in over one hundred patients and this patient is the only
one m the series in which we have arrested the heart before ven
triculotomy In this particular patient we were misled by the fact
that the external pathology appeared so typical of ruptured an
cunysm of a sinus of Valsalva together with the fact that potassium

citrate asystole had worked well in two patients’ wath this pa
thology

Total Cardiac Ischenua Since nortic commissurotomy 1n some
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After mserttion of caval and aiternal catheters, I)}-p‘lssmg the
heart m the usnal fashion, the ascending aorta was cross-clamped
just below the mmommate artery, and 50 ¢ of 2% solution of
potassium cirate diluted m blood was mjected mto the provimal
aorta Thivresalted moa prompt asvstole and a right ventriculot-
omy was carned out disclosmg, mstead of the antiapated rup-
tied ancunvsm, o moderatels wized (15 an) congenital mem-
branous delcct m the ventnicula septum with complete incom-
petence of the aottic valve  Sutures were placed across the
ventneular defect and several were tied Before completing tying
the remamder, the clamp was 1emoved from the aorta m order to
1c-establish the cardae beat after a period of asvstole of only
fom mmutes However, throughout the remamder of the perfusion,
lasting two hours, no left ventiicular beat could be re-established

Whenever an attempt was made to try to close the defect or
close the nght ventricdle, the left ventricle would enlarge tre-
mendously  To contiol this comphcation, a tourmquet was even
passed around the amtic annulus and beneath the coronary
artenes to allow coronary pexfuslon and to prevent left ventricu-
lar distention This was without effect upon the completely para-
lyzed left venticle Eventually the ascendmg aorta was opened
and an attempt was made to repair the aortic msufficiency by
direct suture of the leaflets converting them mnto a bicuspid orifice
This was successful in controlhng the regurgitation, but we were
unable to restore a heart beat

Pathologic Physiology In advanced aortic valvular disease the
left ventiicular hypertiophy 1s massive, and doubtless exceeds the
available coronary supply, even though the latter may be entuely
fiee of aitertosclerotic disease This 1elative coronary msufficiency
was the basis for the sudden deaths due to ventricular fibrillation
chaiactensstic of these patients Moieovei, 1t 1s not uncommon for
the myocardium m heaits with advanced left ventiicular hyper-
tiophy to exhibit areas of 1schemic necrosis This latter finding
1s particularly hable to be present mn the mner layers of the myo-
cardium where the high left ventiicular pressues constitutes an
added obstacle to the coronary cnculation If m addition theie
1S superlmposed some coionary artery obstiuctive disease as often
happens n older patients with acquired lesions, 1t 1s obvious that
the blood supply to these heaits can often be submargmnal
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AcetvIcholime often does not completels arrest the heart and
allows 1t to beat slowly for 1 period during the cardiac 1schemia
However the myocardium m the acetsleholine arrested heart 1s
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Fic 187 Extensivo left ventrdcular mvocardial ne-
crosis occwrring after only 5 minutes of total cardine
ischemia at normal temperature for aortic valvu
lotomy in a 48-vear-old patient with calcific stenosis
The demarcation between the viable and non-viable
muscle is scen running dingonally from the upper
left to lower right

very responsive to external simuli such as massage and thus the
beat may be more quickly restored This obwiates the complication
of ventricular distension encountered with the profound relaxation
of potassium citrate arrest. The techmque of using acetylcholine
13 not without some danger however for the slowly beatn

ischemic heart may, be utilizing more energy than the completely
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patients at least, can be carnied out under dnect vision quite ade-
quately withim only 2 to < minutes of working time, the possibility
occuned to us early m this work that one might simply 1gnore the
myocardial oxvgen requuements of the by-passed heart for this
buef penod

The theoretical attiactiveness of this approach has been further
enhanced by the many recent experimental studies and a number
of human obscivations, indicating that the heart 1s surprisingly
tolerant to anovia In a 1ecent patient, documented elsewhere,’
we observed the heart to recover simus thvthm spontaneously
after thnty-five mmutes of total 1schemia without cardioplegia
Moicover, convalescence was uncomphcated by any an hythmias
Iowever, this patient, as do the experimental ammals on which
much of this mformation 15 based, had a good myocardial reserve
to start with This 15 obviously not true of patients with aortic valve
disease Thus, we have not been paiticularly attracted to this ap-
proach, as pieviously stated, i which elective anoxa 1s used
However, we did try this method m a foitv-nine-year-old patient
with acquued caleific aoitic stenosis Commussuiotomy was carned
out, utihzing total cardiopulmonary by-pass durmng only five mn-
utes of complete myocaidial 1schenia at normal temperature The
heart continued to beat duiing this time, for no caidioplegic drug
was used Despite the very shoit period of 1schemia and an ex-
cellent commissurotomy, as established by piessure determina-
tions® at suigery and confirmed later at autopsy, this patient died
suddenly thirty-six hows after surgery and ealubited at postmor-
tem extensive neciosis of the mner one-thud of the ventricular
myocardium (Figuie 187)

Use of Acetylcholine Asystole We have had experience with
six patients with aortic valve disease utiizing total cardiopulmo-
nary by-pass at normal temperature, together with acetylcholme
induced asystole (Table II)

In general, this experience has been quite satisfactory and cer-
tamly 1f cardioplegia 1s to be used 1n these hearts, acetylcholme
appears to be safer than potassium caitrate

Left Ventricle Aorta (mm Hg)
o Pre-correction 225/30 100/75
100/22 75/40

Post-correction
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Acetvlcholine often does not completeds arrest the heart and
allows it to beat slowly for a period during the eardiac ischemia
Howerer the myocardhum in the acety Icholine arrested heart as
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Fic 187 Extensive left ventricular myocardial ne-
crosis occurring after only 5 minutes of total cardiac
ischemia at normal temperature for aortic valvu
lotomy in a 48-year-old patient with calcific stenosis
The demarcation between the viable and non-viable

muscle is seen runming diagonallh from the upper
left to lower right
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yen responsive to external shmult such as massage and thus the
beat may be more quickly restored This obviates the complication
of ventricular distension encountered with the profound relaxation
of potassium atrate arrest The technique of using acetylcholine
is not without some danger however for the slowly beating
1chemic heart may be utilizing more energy than the completely
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TABLE TT

VorTie Loy Sty Urinmziese Tor s CARDIONt bAON 1y B-rass

Wit \crTyiciorine® \syygrors
Vinutes
Case Duration of
{ g Lesion —_— {rehiythmias Result
(Yrs) Total Irrest
Bypuase
Caec 1 C ongemtal 12 ] Vontnicular Laccdlient
5 Valvular Tibrllation*”
Case 2 Congamtal 20 7 Nonc Tacedlent
22 Valvular
Case 8 Congamtal 12! 7 Ventricular Ixcellent
11 Subvalvular Fibrillation**
Casc # Congemtal 19 3 Cuardine \rrest 6 hrs Died 48 hrs postop
0 Mo Valvular postop  Good Re- No dear cut cause of
covery death  Debilitated
preoperatively
Cre 5 C ongamital 17 G \entnicular Excellent
7 Valvular Fibrillntion**
Chsc 6 Chlahe \ortie 02 53 \ entricular Died 22 day s postop
49 Stenosis Fibrillation** of left ventricular

failure  Debilitated
preoperatinely

* 10 mg/kg body weight !
** Developed shortly after restoration of coronary artertal flow Lasily defibnllated with
clectric shock and pump-oxy genator support

stilled heait The much greater inaidence of ventricular fibrillation
m these heaits (Table II) in compaiison to those with retrograde
coronary perfusion 1s undoubtedly significant i that 1egard For
these reasons the peilod of 1schema utiizing acetylcholme should
be brief It does appear from the experience m this small clmcal
sertes that acetylcholime cardioplegia can be used safely for aortic
stenosis 1f this period of 1schemia 1s no longer than ten to fifteen
minutes, the myocardium 1s not greatly hypertrophied, and the
cardiac reserve reasonably good

However, Case 6 (Table II) illustiates the fact that it may not
be possible to be certamn a pion of the duration of any intra-
cardiac procedure In this man the mitial commussurotomy re-
sulted 1 an obvious aortic msufficiency In the subsequent mterval,
1t was possible to obtamn an excellent reparative result upon the
valve, preserving an adequate orifice and correcting the 1nsutlﬂi-
ciency by suturing the leaflets to form a bicuspid valve, but the
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cardiac ischenna was severe Tt is possible that retrograde perfusion
dunng this mterval might have made the difference between
success and failure in this case

CURRENT PROCEDURE FOR AORTIC VALVE LESIONS

At the present time we are using total cardiopulmonary by pass
together with ncetyIcholine asvstole for the patients with congeni
tal aortic stenosis

In most pitients with acquired stenosis where the valve 1s
severely diseased the ventncular myvoeardium is greatly hypertro-
phied and a longer period of time 1s contemplated for the valvulo-
plasty retrograde perfusion of the coronary smus undoubtedly is
the safest procedure that can be recommended at this time

CONCLUSIONS

1 Retrograde perfusion of the coronary sinus in combination
with 2 pump-oxygenator has been used 1n eleven patients for a
vaniety of cardiac lesions involving the left heart

2. Five of the eight patients with aortic valvular disease sur
vived the operative procedure and attained excellent clinical
unprovement following direct vision valvuloplasty

3 Three additional patients have undergone reparative pro-
cedures using retroperfusion An individual with & repared rup-
tured aneurysm of a sinus of Valsalva 13 hving and well at this tme
The second patient an infant, had an aortic pulmonary communi
cabon divided, but died ten days postoperatively of respiratory
complications The last infant had complete transposthon of the
great vessels and died following corrective surgery mvolving trans
plantation of the ascending aorta aortic valve and coronary ar
tenes

4 In all of these eleven operations the retroperfusion of the
coromary smus appeared to protect the myocardium eminently
well n%gmsthunodn Tbh;are were no mstances of cardiac arrhythmia
even though a number of the patients had f
ventricular disease P © ar advanced left

5 Acetlcholine has also been used in combination with the
retroperfusion 1n two patients It 1s injected into the retrograde
catheter providing a dry still field while the aortic valvuloplasty



489 Ixtiracorporeal Circulation

TABLLE 11

Vortic Ve Sencr iy Utinizing ToT o, CARDIOPULMON \iy BY-PAss
WITH NI TYICHOLINE® ASYSTOIF

Vnutes
Case Duration of
& g Le«ion Arehythmias Result
(}Yre) Tatal {rrevt
Bypuse
Casc 1 Congemtal 12 3 Vontricular Ixedlent
5 Valvular Fibrillation**
Case 2 Congenital 20 7 Nonc Excellent
22 Valvular
Case 4 Congcnital 124 7 Y entricular Tacellent
11 Subyalvular Fibrillation**
Casc t Congcnital 13 5 Cardiac \Arrest 6 hrs  Died 48 hrs postop
6 Moy Valvular postop  Good Re- No clear cut cause of
covery death  Debilitated
preoperatively
Case 5 Congcnital 17 6 \entricular Excellent
7 Valvular Tibrillation**
Case 6 Calahc Vortic 62 5% Ventricular Dicd 23 day s postop
49 Stenosis Tibrillation** of left ventricular
fulure  Debilitated
preoperatively

* 10 mg/hg body weight
** Developed shortly after restoration of coronary arterial flow Easily defibrillated with
clectric shoch and pump-oxy genator support

stilled heart The much greater mcidence of ventricula: fibuillation
m these heaits (Table II) m compaiison to those with 1etiograde
coronay perfusion 1s undoubtedly significant m that regard For
these 1easons the peiiod of 1schemia utihzing acetylcholine should
be buef It does appear from the experience m this small chmeal
series that acetylcholne caidioplegia can be used safely for aoitic
stenosis 1if this period of 1schemia 1s no longer than ten to fifteen
minutes, the myocardium 1s not gieatly hypertiophied, and the
cardiac 1ese1ve 1easonably good

Howevei, Case 6 (Table II) illustrates the fact that it may not
be possﬂ)le to be ceitam a priorr of the dwmation of any mtia-
caidiac proceduie In this man the mitial commissurotomy re-
sulted m an obvious aortic msufficiency In the subsequent inter val,
1t was possible to obtamn an excellent reparative result upon the
valve, preserving an adequate orfice and coirecting the msu;‘ﬁ-
ciency by suturing the leaflets to form a bicuspid valve, but the
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cardiac ischemia was severe Itis possible that retrograde perfusion
dunng this mterval might have made the difference between
success and failure in this case

CURRENT PROCEDURE T'OR AORTIC VALVE LLSIONS

At the present time we are using total cardiopulmonary by pass
together with acetyIcholine asystole for the patients with congent
tal aortic stenosis

In most patients with acquired stenosis where the vabie 1s
severely disesed the ventricular myocardium is greatly hyvpertro
phied and a longer period of time is contemplated for the valvulo-
plasty retrograde perfusion of the coronary smus undoubtedly is
the safest procedure that can be recommended at this time

CONCLUSIONS

1 Retrograde perfusion of the coronary sinus in combmation
with a pump-oxy genator has been used in eleven patients for a
varlety of cardiac lesions involving the left heart

2 Five of the eight patients with aortic valvular disease sur
vived the operatne procedure and attained cxcellent clinical
improyement following direct vision valvuloplasty

3 Three additional patients have undergone reparative pro-
cedures usmg retroperfusion An individual with a repaired rup-
tured ancurysm of a sinus of Valsalva 1s hving and well at this time
The second patient, an infant had an aortic pulmonary communi
cabion divided but died ten days postoperatively of respiratory
complications The last infant had complete transposition of the
great vessels and died following corrective surgery involving trans
plantation of the ascending aorta aortic valve and coronary ar
teries

4 In all of these eleven operations the retroperfusion of the
coronary sinus appeared to protect the myocardium emmently
well aganst anoxia There w ere no mstances of cardiac arrhvthmia
even though a number of the patients had far advanced left
ventricular disease

5 Acetvlcholine has also been used in combination with the
retroperfusion in two patients It is injected into the retrograde
catheter providing a dry still field while the aortic valvuloplasts
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TABLE 1T

Aonrtic Varve Stnrermy Uriazing Toran Catbroruatos sky Bi-rass

WIThH \CrTyicnonne® \syyToLF
Minutes
Case Duration of
{ .ge Lesion Arehythnuas Result
(Yre) Total  Arre<t
Bypass
Case 1 Congemtal 12 3 Ventricular Fcellent
5 Valvular Fibrillation**
Cas 2 Congemtal 20 7 None Excellent
2 Valvular
Cuse 8 Congenital 12} 7 Ventricular LExcellent
11 Subvalvular Fibnllation**
Case § Congenital 19 5 Cardiac \rrest 6 hrs  Died 48 hrs postop
0 Mos  Valvular postop Good Re- No clear cut cause of
covery death  Debihtated
preoperatively
Case 5 Congcnital 17 6 Ventricular Excellent
7 Valvular Fibnllation**
Case 6 Calafe Aortic 02 53 Ventricular Died 23 day s postop
49 Stenosis Fibrillation™* of left ventricular
fallure  Debilitated
preoperatively

* 10 mg/kg body weight
** Developed shortly after restoration of coronary arterial flow Easily defibrillated with
clectric shoch and pump-ovy genator support

stilled heart The much greater mcidence of ventiicular fibrillation
m these heaits (Table II) m comparison to those with 1etiograde
coronary perfusion 1s undoubtedly significant i that 1egard For
these 1easons the period of 1schemia utihzing acetylcholine should
be buef It does appear from the eaperience mn this small chnical
series that acetylcholine cardioplegia can be used safely for aoitic
stenosis 1f this period of 1schemia 1s no longer than ten to fifteen
minutes, the myocaidium 1s not gieatly hypertrophied, and the
cardiac reserve reasonably good

However, Case 6 (Table II) illustrates the fact that it may not
be possible to be certamn a piior of the duration of any mtia-
cardiac procedure In this man the mitial commissurotomy re-
sulted 1 an obvious aortic insufficiency In the subsequent mnterval,
1t was possible to obtamn an excellent reparative result upon tflf]ie
valve, preserving an adequate orifice and correcting the] msuﬂe-
ciency by suturmg the leaflets to form a bicuspid valve, but th
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cardiac 1schemin was severe It s possible that retrograde perfusion
during this interval mught have made the difference between
success and failure in this case

CURRENT PROCEDURL FOR AORTIC VALVE LLSIONS

At the present time we are usmg total cardiopulmonary by pass
together with acety Ichohne asyvstole for the patients with congem
tal aortic stenosis

In most patients with acquired stenosis where the valie 1s
severely dueased the ventneular mvocardium is greatly hypertro-
phied and a longer period of time is contemplated for the valvulo-
plasty retrograde perfusion of the coronary sinus undoubtedly 1s
the safest procedure that can be recommended at this time

CONCLUSIONS

1 Retrograde perfusion of the coronary smus in combination
with a pump-oxy genator has been used i elever patients for a
vanety of cardiac lesions involving the left heart

2 Fhe of the eight patients with aortic valvular disease sur
vived the operative procedure and attained excellent clinical
umprovement following direct vision valvuloplasty

8 Three additional patients have undergone reparative pro-
cedures using retroperfusion An individual with a repaired rup
tured aneurysm of a sinus of Valsalva is living and well at this time
The second patient an infant had an aortic pulmonar, commum
cation divided but died ten days postoperatively of respiratory
complications The last infant had complete transposition of the
great vessels and died following corrective surgery mvolving trans
plantation of the ascending aorta, aortic valve and coronary ar
terles

4 In all of these eleven operations the retroperfusion of the
coronary smus appeared to protect the myocardium eminently
well agamnst anoxia There were no mstances of cardiac arthythmia
even though @ number of the patients had far advanced left
ventricular discase

5 Acctvlcholine has also been used i
r(-trop(-rfusmn m two patients It is mfe:te?;)l:g]g:';e&tgr;gee
catheter providing a drv still field while the aortic valvuloplasty
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15 bemg peiformed Both patients had an excellent clinical 1esult

6 Total caichac 1schemia of bref duration resulted in extensive
myocaldml neciosis m one patient with acquned aoitic stenosis,
and this approach 1s not 1ecommended for aoitic valve surgery

7 Ewvidence 1s advanced to support the belef that total cardiac
1schemia, even with the additional protection offered by potassium
citrate asystole, 15 also a dangerous practice m heaits afflicted with
the advanced states of aoitic valve disease It was not possible to
1estore a left ventircular beat i erther of the only two patients
m whom 1t was utilized

8 Acetylcholme asystole with total cairdiopulmonary by-pass
has been utihzed m 6 patients with aortic valvular disease, and
has proved of value when the arest interval was biief However,
a sigmficantly gieater maidence of anhythmias occued than
when 1etioperfusion was utihzed

9 Cunent practice has been to use the acetylcholine arrest m
patients with congemtal lesions wheie the operative 1epairs re-
qune less time and the myocaidia generally have a greater
1ese1ve Retiograde perfusion of the coronary smus, together with
retiogiade acetylcholine caidioplegia when needed to facilitate
exposuie, 1s the 1ecommended proceduie for patients with ad-
vanced degrees of acquued aoitic valvular pathology

10 Although acetylcholme caidioplegia (without 1etioperfusion)
appeais to be the simpler techmque for aortic valve exposue,
retiograde peifusion 1s undoubtedly the safer method when there
1s marked myocaidial hypeitiophy and a longer pertod 1s contem-
plated for the valvuloplasty

11 The concept of coirecting aortic 1egurgitation by converting
the valve leaflets (by sutuie) to a bicuspid onfice 1s suggested
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DISCUSSIONS

DR WILLIAM E ADAMS, Chicago Dr Gerbode and gentlemen
It 1s certamly a privilege to be here for this meeting and to hear this
wealth of material which has been presented m the last three days on
this very important problem

I am sure you all feel that the work which has been presented was
varied in character, sometimes there has been some disagreement, but
m general one might say that people have come together from many
chfferent approaches to this problem

I have been asked to say a few words about “elective asystole” n
connection with extracorporeal circulations I am sure there are a
number of you who could do a much better job of this assignment than
I, but I will try to present our point of view 1n the Iight of our work and
also of the presentations which have been made at this conference Of
course, this problem needs to be considered as a whole, that 1s, the
effect on the brain as well as the heart and other organs must be taken
into consideration I beheve, mn earher work, damage to the brain was
given more emphasis than perhaps was warranted At the present time
it would appear that damage to the heart is likely to occur more
quickly and severely than to the bramn For reasons such as you have
heard, there have been various means and methods used for protecting
the heart Contrary to some statements to be found n the hterature,
m 1938 we found that on occlusion of the mflow tract to the heart
of a normothermic anaesthetized dog, the heart would continue for at
least 5 minutes and seemingly recover without irreparable damage
on release of the occlusion or obstruction of the venae cavae and
azygos vems We had some dogs go as long as 9 minutes followed by
recovery and no evidence of brain damage

There have been some statements made that the normal dog with a
normally beating heart with the inflow tract occluded does not use
more oxygen than one under arrest In our experience earlier and more
recently with Dr Moulder, we found that under normothermic cond:-
tions a heart that continues to beat after the mflow tract 1s obstructed
will become darkened and actually cyanotic This will also occur 1n
hypothermic conditions but 1t 1s more delayed, whereas the arrested
heart 1n our experience will remain pink Blood coming from the heart
muscle will be of good color when 1t starts to beat again The amount
of oxygen eatracted from the coronary circulation of a dog with an
arrested heart at 25°C was found to be 3 to 4 volumes per cent from a
perfusion of 1-5 ml blood for kg body wt per mmute Therefore, al-

486
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though I was interested in the excellent work prescnted by Dr Bing 1
cant quite correlate his findings with the remarks of Dr Samoft as well
as our own observations Perhps the expenmental conchitions were nat
dentical If thereforc anosia or hvpoxia 15 a very important factor in
caustng damage of the hieart muscle clective arrest should be an effec
tive method for its presention

1 would like to make onc other remark and that is this—from the
comments and prescntations made at this meeting it would nppear that
there might be a definite trund toward a combination of methods or
procedures to attain the best operative results Namely a combination
of extracorporeal circulation hypothermia in the range of 30 or 32°C
degrees and controlled cardine arrest

DR. RUSSELL M NELSON Salt Lake City  Thank you very much
Dr Gerbode and Dr Moore for the invitation to discuss the present
status of our work in progress on carchoplegic agents

To date 1n this series of experiments my assocfates James Mason
Gary Maxwell Joseph Nelson John Peters Richard Hardy and I have
subjected forty five dogs to cardiopulmonary by pass employing Sig
mamotor pumps and a modification of our bubble oxygenator reported
previously Flow rates have been at 50 ml /hg /min  and the tempera
ture has been carefully controlled After screcning the effects of many
agents in frog heart perfusions drugs were tried in dogs to assess any
cardioplegic effect (Tablo I)

With acetylcholine as o familiar standard for comparison these
other drugs with cholmergic properties were tried. Carbachol produced

TABLF 1
Crnourezsorc Drvea (\elson)
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DR WILLIAM E ADAMS, Chicago D1 Gerbode and gentlemen
It 1s certamnly a privilege to be here for this meeting and to hear this
wealth of matenial which has been presented m the last three days on
this very impor tant problem

I am sue you all feel that the work which has been presented was
varied 1 character, sometimes theie has been some disagreement, but
m general one might say that people have come together from many
different approaches to this problem

I have been asked to say a few words about “clective asystole” mn
connection with extracorporeal circulations I am sure there are a
number of you who could do a much better job of this assignment than
I, but I will try to present our pomt of view mn the light of our work and
also of the presentations which have been made at this conference Of
course, this problem needs to be considered as a whole, that 1s, the
effect on the brain as well as the heart and other organs must be taken
mnto consideration I believe, m earlier work, damage to the bram was
given more emphasis than perhaps was warranted At the present hime
it would appear that damage to the heart 1s Iikely to occur more
quickly and severely than to the bram For reasons such as you have
heard, there have been various means and methods used for protecting
the heart Contrary to some statements to be found m the lterature,
i 1938 we found that on occlusion of the mflow tract to the heart
of a normothermic anaesthetized dog, the heart would continue for at
Jleast 5 minutes and seemingly recover without wureparable damage
on release of the occlusion or obstruction of the venae cavae and
azygos vemns We had some dogs go as long as 9 minutes followed by
recovery and no evidence of brain damage

There have been some statements made that the normal dog with a
normally beating heart with the inflow tract occluded does not use
more oxygen than one under arrest In our experience earlier and more
recently with Dr Moulder, we found that under normothermic condi-
tions a heart that continues to beat after the inflow tract 1s obstructed
will become darkened and actually cyanotic This will also occur m
hypothermic conditions but 1t 1s more delayed, whereas the arrested
heart m our experience will remam pink Blood coming from the heart
muscle will be of good color when 1t starts to beat again The amount
of oxygen extracted from the coronary circulation of a dog with an
arrested heart at 25°C was found to be 3 to 4 volumes per cent from]a
perfusion of 1-5 ml blood for kg body wt per mmnute Therefore, a
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TADI IV

AxTin Taasien b Locan Axrsrietics (Nelson)
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able to those employed for potassium atrate arrest. These hearts all
fibrillated after the coronary perfusion was resumed

Magnesium sulfate caused ventneular fibrillation

Curare and succiny] choline produced no discernible effect on car
diac activity but quinidine poisoned the heart 1n this instance just as
it has done in other series of cxpeniments (Table T1I)

Procaine in adequate dosage, produced asystole but recovery was
prolonged and varfable (Table IV)

Of great interest was the observation that Benadryl produced a
profound state of cardioplegia Thc heart is non-excitable and is very
stable through tho perlod of perfusion 1 would caution against ity

TABLF V
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TABLE 11
Toas (Nelson)

{gent Dose ‘};’lall){ Imtial Effcet Recorery Remarls
Potassium Citrate | 15 m kq 1n 5 \sy stole NSR Henrt 18 relaxed and flabby
20 cc blood with a pink color Recoven
1s raprd Blood temp 96-99°
Potassium Citrate | 15 m Eq 1n 1 Awvstole V Fibrllation | Blood temp 92°
20 cc blood
Potassium Chloride] 6 mEq 1n 1 Few extrasys- [ NS R
20 cc blood tolea by LCG
Potassium Chloride] 6 mEq 1n 1 Asy stole NSR Asy stole not produced until
20 cc blood aortic clamp removed
Potassium Chloride| 12 m Eq 1n 1 Asystole V Fibrillation
40 cc blood
Lithium Citrate 2 mEq mn 1 Asyvstole V Fibnllation | Flabby heart, Iike potassium
20 cc blood Citrate
Sodium Citrate 14mLCq n 3 Asystole Y Fibnllation | Asvstole as with Potassium
20 cc blood Citrate
Sodium Chloride 30cc 099 1 No Change No Change noted
Sodium Lactate 6 mEq m 1 Shght NSR Essentially no effect
20 cc blood brady cardia
Magnesium 4 mLCqg m 1 V labrillation | None
Sulfate 20 cc blood
Pink heart with slow fibril-
Magnesium 10 m Eq 1 1 YV librnllation | None lation
Sulfate 20 ce blood

a quiet, but excitable heart, as did acetylcholne, but atropme was
necessary for reversal to a normal smus rhythm (Table II)

With potassium citrate arrest by the Melrose technic, satisfactory
recovery of the noimal sinus rhythm regularly occurred except i one
mstance when the temperature was below normal This has been
noted 1n other series as well

Asystole could be produced with potassium as the chloride salt only
in higher doses, and then was seen only after the aortic clamp was

removed

Citrates of Iithium and sodium arrested the heart in doses compar-

TABLE IIT
MvuscLe ReELaxants (Nelson)

Agent Dose 1\'0 of Trzale) Imihal Effect Recorery
Curare ' 6 mg m 20 cc blood l 1 ’ No change NoR
Succm\l Choline ‘ 250 g 1 20 ce blood 1 ' vo change ] NGSR B

i 600 mg 1n 20 cc blood 1 i Tibnllation i None

Qumidine
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TABIE IV
At Taesten oo Locsn Axremirrien (\elwn)
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able to those employed for potassium atrate arrest ‘These hearts all
fibrillated after the coronary perfusion was resumed

\Magnesium sulfate caused ventneular fibrillation

Curare and suceinyl choline produced no discernible effect on car
diac actlvity but quimdine poisoned the heart n this instance just as
1t has done in other series of experiments (Table I11)

Procaine 1n adeguate dosage produced asystole but recovery was
prolonged and varlable (Table IV)

Of great intcrest was the observation that Benadryl produced a
profound state of cardioplegia The heart is non-excitablo and is very
stable through the period of perfusion 1 would caution against its

TABLY 3
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use, however, because of an apparent antitheparin effect, and because
forty-five to sixty minutes of peifusion on the by-pass are necessary
befoie the recovery 1s sufficient for independent cardiac adequacy

Of interest here 1s that hypaque, a contrast medium used by some
for coronary arteriography, produced ventricular fibrillation in the two
dogs m which 1t was used Versine, a calcium chelating agent, stopped
the heart in two tnals, and caused a most fascinating phenomenon n
the 1ecovery period characterized by a quet nght ventricle and a
beating left ventricle, followed by fibrillation (Table V)

While these results are prelmiary 1n character and the numbers of
experiments too small to be sigmficant as yet, certain working postu-
lates may be cautiously advanced

1 The “potassium arrest” produced by the doses of potassium citrate
generally employed, 1s probably, in fact, a “citrate arrest” with potas-
sium exerting a salutory effect m recovery to a normal sinus rhythm

2 Asystole, as produced by the citrates of potassium, lithium and
sodium, and the chelating agent, versine, 1s probably mediated through
therr binding effect on the calcium 10n

DR HENRY T NICHOLS, Philadelphia Our experience with po-
tasstum citrate arrest consists of 39 cases and the majority have been
patients with erther aortic stenosis, aortic msufficiency, or a combina-
tion of the two We failed to get the heart restored to a normal beat 1n
only one of these cases However, several have gone through episodes
of ventricular fibrllaion They have responded to a continuation of
the by-pass, massage and electrical defibrillation In many of the cases
with a normal beat there was a delay of several minutes before the
contractions were effective enough to produce a satisfactory blood
pressure In patients where aortic insufficiency has erther been created
or has not been corrected, we have found it very advantageous to
nstitute cardiac massage to prevent a distended left ventricle In
patients with aortic stenosis only, the mortality has been 17 per cent
In those with aortic insufficiency, the mortahty rate has been 44 per

cent.

DR WILLIAM SCOTT, JR, Nashville, Tennesse Dr Gerbode and
gentlemen As the last designated and unfortunately the least able
discussant m this entire sesston, I should be mn a position to wax philo-
sophical and to synthesize the sense of the conf’erence mnto a well de-
fined nugget of pure gold This obviously I can’t do, but 1t does scem
ent that the trend of the discussion has been to indicate that the

evid
apphcation of techmques and apparatus to mantan

more successful
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evtracorporeal crculition will be m the direction of achieving Dr
Cannons concepts of homeostasis m (vers possible modality and not
by deluding ourstlves that sinec the body can tolerate incredible defi
cits these are acceptable or desirable <imply because we ean “get
awmy” with them

T have especially enjoyed the superb presentations today on myocar
dial metabolism in both the beating and non beating heart 1 supposo
to these it should be added, the heart in its beaten states It is obvious
that when oxygenation of tissuc is inadequate an ovwvgen debt is
incurred Thus debt 1s certainly much less in the adequately o genated
myocardium when no work 1s being done as in induced arrest but it
is there just the same as Dr Bentall and others have indicated It
secmns reasonable that the oxygen debt must increase with time.

Our group has just started a study of metabolic and functional
changes in the heart dunng and after induced arrest with the hope of
working out a plan for reduang the risks of arrest and prolonging the
safe perjod. This would seem especlally desimble in the repair of some
of the more compheated lesions particularly those on the left sido of
the heart, such as mitral insufficlency with which we have had some
success recently in a small number of patients Our {idea has been first to
wduce arrest and then to use continuous perfusion of the base of the
aorta proxumal to an occluding clamp and through this perfusion of
the coronary arterial circulation with oxygenated blood containing a
concentration of the arresting agent. Prclimmury experiments 1 the
dog have shown that, after inducing potassium citrate arrest asystole
can bo maintained for periods of at least an hour and one-half with
recovery when ovygenated blood is perfused through the coronary
arteries at rates of 15 to 20 ml/min. with no cardioplegic agent. We
believe this is a lend worth pursuing

I am sure I speak for all in this audience in telling Doctars Moore
Allen, Morrow Swan Gerbode and other members of the Surgery
Study section of the USPHS of the fine job they have done in putting

this confercnce together and of the pleasure it has been for us to
attend it

DR FREDERICK § CROSS Cleveland I think it is mportant in
cach of the various runs with perfusions on the experimental animal to
Tun a serics on controls in which the traumatized heart is not arrested
and not pertused. Secondly the period of arrest in the test ls
should be in the vicinity of forty to forty five minutes Third] ulmtllni':ﬂ.
there is tremendous advantage in venting the provimal uonn) '

Intcrestingly enough, in our control dogs in which occlusion for
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forty minutes was employed and the data were evaluated on the basis
of the amount of fibnllation and the length of time required for pump
support, and the ability of the heart to take over after 1t was off the
pump, all fibnllated, but weie finally defibrillated and took over on
their own Theie was one possible exception However, the incidence
of fibrillation was high and 1t was difficult to defibrillate them The
pump-support time was as long as forty-five mmutes The heart did
not take over well and was slow to 1eveit to a normal pattern

In an attempt to improve our results, we have perfused the proximal
aoita with about 200 cc of oxygenated blood at 0 degrees Centigrade
We then rewaimed the heait to 20 degrees and the temperature rose to
about 29 degiees The results were better mn this group in that the
heart was easier to defibrillate and the heart took over more quickly
We then stopped the heait with potassium citrate and perfused the
coronanes with cooled blood at 0 degrees, the combmned tempera-
ture nising to about 18 degrees In these ammals there was a very low
mncidence of fibrillation, although we used the defibrllator occasionally,
and the perlod required to 1evert the heart to a normal pattern was
shortened

In an attempt to undeistand the reason for this, we did some experi-
ments on the cardiac metabolites If you will look at the last column
on the shde (shde not available) there 1s a progressive oaygen utihza-
tion We tried to differentiate the non-working potasstum arrested
heart and the cold, non-working heart because we had some difficulty
with the potassium-arrest heart Oxygen consumption was reduced
somewhat more m the potassium arrested heart than in the heart
that has been cooled In nineteen eaxpermments you can see 1t 1s 1 9 per
cc per mmute We did not feel that 1t was necessarily much better
the potassium plus the cold heart We feel that if there 1s a problem of
mechanical difficulty in the arrested cold heart, the washing out the
potassium and at the same time maintaiing the arrest may be of benefit
when the heart takes over 1ts function as potassium does not have to be
washed out later and the heart takes over more quickly

DR JOHN W KIRKLIN, Rochester, Minn Perhaps n any surgical
endeavor there 1s wisdom 1 an attempt to define the need for further
mvestigation I would like to talk about the need for this in induced
cardiac asystole, or whatever one wants to call this state We are not
the ongmnators of cardiac arrest We have simply followed the tech-
nics of Drs Lam and Melrose, Effler and Groves Our technics have
been 1dentical with those of Drs Melrose, Groves, Effler and therr asso-
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clates [ thuk in this day of the regular usc of induced osystole, wo
should never forget what has been pointed out to us by these peoplo
concerning the great value of this tool

Our experlence at the Mayo Clinic has paralleled that of the group
at the Cleveland Clinic We agree with everything said about asystole
as described by Melrose but we do not feel in dire need of improve-
ment in the climcal aspects of its use for operations wathin the \entricle
That 15 not to say there will not be a better way of doing 1t However
1t has been our experience that induced cardiac arrest with potasnum
does not predispose to heart block In our hands there has been no
difficulty mn starting the heart ngun as long as the total body perfusion
is good at the time the clamp is released. We fecl that one has safe
operating conditions for thirty minutes and probably a reasonably safe
one for 40 minutes 1 merely then wish to re-emphasize everything
which has been presented about the usefulness and advantages of in-
duced cardiac asystole

DR DENTON A COOLEY Houston Our experience at Baylor
with cardiopulmonary by pass as of two wecks ago included 248 cases
Figure 188 1 would like to call your attention to speciflc types of cases
since they are parbicularly important in the discussion of induced
cardinc arrest. The cases I will mention are aneurvsm of the ascending
naorta, aortie stenosis and ventricular septal defect.

CARDIOVASCULAR LESIONS IN 248 CASES OF
CARDIOPULMONARY Bl PASS

No

Ventricular Septal Defect 103
Atrial Septal Defect 46
Tetralogy of Fallot 17
Apeurysm Ascending Aorta 12
Atrio-Ventricularls Communis 12
Aortic or Subaortc Stenosis 17
Pulmome Stenosis 10
Transposition of Great Vessels 4
Common Ventricle 3
Aortico-Pulmonary Septal Defect 3
Total Anomalous Pulmonan \ enous Druinage 4
\Miscellanecus 17
Total 248

Fieune 188 (Cooley)
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One may employ the pump oxygenator for 1esection and graft re-
placement of the ascending aorta In the patient shown 1 Figure 189,
a fifty-year-old man, the proximal aortic clamp was applied for thirty-
one mnutes with probable occlusion of the coronary ostia Cardiac
arrest from anonia 1esulted after about twelve mmutes When flow was

OXYGENATOR

[Pump

TYPE I ~——>
Ficurc 189 (Cooley)

re-established m the coronary arteres, ventricular fibrillation occurred
which responded to electrical defibrillation This patient has fully re-
covercd and more than one year after operation 1s active and has no
residual myocardial damage This type of procedure, however, docs
not seem to be safe 1n older patients, particularly those n the sity- to
sisty-five-year age group Furthermore, at present we do not believe that
induced potassium arrest should be used 1n the older patient with an
arteriosclerotic heart Results of induced arrest in these patients have
not been good m our hands

On the other hand, results of cardioplegia with potassimm c1tmlc}m
pedatric patients general have been good, and we have used this
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method about seventy five times In patients with congenital portle
stenosis wo use it routinely and find it valuable particularly m a sub-
nortic stenosis In all cases of aortic stenosis wo have used a transaortic
approach For calcific or acquired oortic stenosts we do not use
potassium atrate arrest and depend upon a speedy valvulotomy to
prevent terious my acardial ischemia
A word about retrograde perfusion of the coronary sinus 1s probably
in order at this time e have used retrograde coronary perfusion in
one case Ventrlewlar fbrillation occurred immediately after the per
fusfon was started although the heart was doing well on the pump
axy genator up until that time
In the subsequent sivtecn cases of nortic stenosis upon which we
have operated, we have not used retrograde perfusion I raise the ques
ton of whether this method may be harmful mther than beneficlal
Tt seems possible to me at least that perfusion of a vein in the retro-
grade direction would predispose to the development of myocardial
edema and eechymosis
1 would ke to refer to our cxpenence with ventricular septal defects
We have used as cardioplegic agents both potasstum citrate and acetyl
choline Although we were enthusiastic about the method at first,
during the past three monthis we have not used induced arrest in the
ventricular septal defects for several reasons In the flrst placo it
usually requires an extra four minutes of perfusion Reducing the
period of cardiopulmonary by pass will, T believe, reduce the number
of complications after operation Induced arrest provides two ad
vantages from a technical standpoint It makes the myocardium flaccid
and easy to handle, and it makes it possible to stop coronary return
Actually however the movement of the heart is not a signficant prob-
lem to the surgeon Furthermore, one can elininate the return of blood
through the caronary sinus by means of a temporary occluding clamp
on the ascending sorta. Satisfactory repair can be done in a dry but
slightly moving operating field the disadvunmg&c and possible side
effects produced by cardioplegic agents are thus chminated. The possi
bility of trappmg air fo the left ventrcle should be reduced by main
taining some myocardial tone throughout the procedure You will
notice from Figure 190 that we now use an Ivalon patch sutured over
the defect with a continuous suture For a number of technical reasons
mﬂ;ﬁmmﬁfnﬁﬂ;ﬁ: })elle\c this method gises the best results
plegic agents which I beheve 1s relevant to
this discussion but which I have not heard mentioned at this meeting
is the pH of thess cardioplegic agents Recently Dr Abel Lazzarmni at
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One may employ the pump oxygenator for resection and graft re-
placement of the ascending aorta In the patient shown mn Figure 189,
a fifty-year-old man, the proximal aoitic clamp was applied for thurty-
one minutes with probable occlusion of the coronary ostia Cardiac
arrest from anoxia 1esulted after about twelve minutes When flow was
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PUMP

TYPE I —
Ficure 189 (Cooley)

re-established 1 the coronary arteries, ventricular fibrillation occuired
which responded to electrical defibrllation This patient has fully re-
covered and more than one year after operation 1s active and has no
" residual myocardial damage This type of procedure, however, does
not seem to be safe mn older patients, particularly those 1n the sinty- to
sinty-five-year age group Furthermore, at present we do not believe that
mduced potassium arrest should be used mn the older patient with an
arteriosclerotic heart Results of mduced arrest in these patients have
not been good m our hands
On the other hand, results of cardioplegia with potassium utr.;l(t:ln:
pediatric patients 1n general have been good, and we have used thn
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ulotomy for otherwise recovery Iater may be difficult. Sirmlarly when
the clamp has been removed from the gorta it is wise to let a portion of
the ventriculotomy bleed until a good strong beat returns—tlns permits
escape of potassium and prevents myocardial stretching Manual com
pression of the heart may be necessary to heep it small.

There are a number of questions which Dr \elrose might answer
for us The first is whether the low pi of the potasstum solution is of
any sigmficance the second is bow he determined what dose should
be used to produce elective arrest

Then lasthy could i tell us of any cxperiments or thoughts he has
had relatne to the use of a continuous coronary artery perfusion
through the base of the gorta with oxv genated blood and weal po-
tassium concentration

DR. DENIS MELROSE San Francisco So much has gone by today
that it would be very difficult to sum up adequately but I am sure you
will agree that we can leave 1 the hands of people like Dr Bing and
Dr Winterscheld the elegant problems of cardiac metabolism which
are favoled by our interference with heart action remembenng with
Dr Bentall that elective arrest merely reduces the rate of fschemic
degeneration without eliminating it

In reference to drugs which will be used to stop the heart, it would
seem that the choice has narrowed to acetylcholine or some longer
acting variant, and potassium citrate acting as it does through the
production of an jonic imbalance with elevation of potassium and re
duction of calcium The type of arrest produced naturally differs but
that they are both useful is obvious

1 take excoption to Dr Lam s film The reason is that it 15 too beaut
ful and gives a false notion of the problem, which is only simple by
illuston To do as beautful an operation as he did requires considera
ble personal sMill, an effective and well tried perfusion system and
much practice in the stopping of tho heart Llective cardinc arrest
caurrles considerable ethical problems and one must be very conscious
of the practienl difficuldes which harass anvbody working on this
Theoretically it is perfectly safe and it can be 30 1 practice but the
moment you elimwate & natural mechamsm which holds the heart
muscle within a reasonable stretch length, you take the responsibility
upon vourself of maintaming some adequate method for preventing any

overstretch  Dificulties anse from trapping of blood in any heart
cavity  Expeniments which do not involve the opening and \enbing of
the heart are 1 belive errors of practice, as perhaps is clamping of
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New York Umveisity Post-Graduate Medical School made some com-
parative studies on pH of 2 5 per cent solution of Potassium Citrate and
Potassium Chlonde Aqueous 25 per cent Potassium Citrate had a
pH at 22°C of 6 92 and a similar solution of Potassium Chlonde 7 45
I suppose acetylcholine has a pH similar to Potasstum Chlonde

DR FRANK GERBODE, San Francisco Before calling upon Dr
Melrose I should like to make a few statements about elective arrest
(which I believe 1s a better term than elective asystole or cardioplegia)
Our evperience 1 the laboratory and mn thirty chimcal apphcations
during heart-lung by-pass has demonstrated that certain technical points
should be observed Furst, the potassium muture should be mjected
rapudly, second, when there 1s a large heart, an aortic mcompetence, a
large bronchial arterial flow, or a patent ductus, 1t may require quite a
lot of the solution to stop the heart, and this 1n turn may influence the
speed with which the heart recovers As arrest 1s bemg accomplished
the heart will tend to fill with blood, thereby stretching the myocardial
fibers This 1s defimtely to be avoided by quickly making the ventric-

Ficure 190
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ulotomy for otherwise recovery later may be difficult Similarly when
the clamp has been remoyed from the norta it is wise to let n portion of
the ventriculotomy Dbleed until r good strong beat returns—this permits
escape of potasstum and prevents myocardial stretching Manual com

pression of the heart may be necessary to Leep it small.

There are a number of questions which Dr Melrose might answer
for us The first is whether tho low pH of the potassium solution is of
any significance the second 15 how he determmed what dose should
be used to produce elective arrest

Then lastly could he tell us of any experiments or thoughts he has
had relative to the use of a continuous coronary artery perfusion
through the base of the norta with otvgenated blood and weak po-
tassium copcentration.

DR. DENIS MELROSE San Francisco So much has gone by today
that it would be very difficult to sum up adequately but I am sure you
will agree that we can leave m the hands of people ike Dr Bing and
Dr Winterscheid the elegant problems of cardiac metabolism which
are mvoked by our interference with heart action, remembermng with
Dr Bentall that elective arrest merely reduces the rate of Ischemic
degeneration without eliminating 1t

In reference to drugs which will be used to stop the heart, it would
seemn that the choice has narrowed to acetylcholine or some longer
acting variant, and potassium citrate acting as it does through the
production of an jomc imbalance with elevation of potassium and re-
duction of calcium. The type of arrest produced naturally differs but
that they are both useful 1s obvious

I take exception to Dr Lam s film The reason is that it is too beautt
ful and gives a false notion of the problem, which is only simple by
illusion To do as beautiful an operation as he did requires considern
ble personal skill, an effective and well tried perfusion system, and
much practice in the stopping of the heart. Elective cardiac arrest
carries considerable ethical problems and one must be very conscious
of the practical difficultes which harass anybody working on this
Theoretically it is perfectly safe and it can be 50 1n practice but the
moment you elminate a natural mechanism which holds the heart
muscle within a reasonable stretch length vou take the responsibility
upon y ourself of maintaining some adequate methad for preventing any
overstretch  Drfhiculties arfse from trapping of blood i any heart
cavity Experiments which do not involve the opening and venting of
tho heart are 1 believe errors of practice, as perhaps is clampmg of
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the pulmonary artery, where there may be a large bronchial blood flow
All these problems have been brought out, but I feel 1t 1s my duty to
define them If the heart at any time, from the begimning of arrest to a
period after the heart has been restored to normal beating, 1s allowed
to stretch, I think you are responsible for errors of technic

The pH of the solution you use 1s modified by the final concentration
which 1s actually achieved within the heart muscle The arresting solu-
tion 15 1njected 1nto a cavity made up of the first portion of the aorta and
the coronary vessels themselves Blood contained there further dilutes
the potassium citrate solution Further, the aortic valve 1s not always
competent at the moment of 1njection, nor 1s the heart always empty of
blood and a further dilution from this source 1s likely Certamnly 1n
our tests the pH of the solution actually reaching the heart was withmn
normal limats

The answer to the question why we chose this particular concentra-
tion 1s contained, of course, 1n the discussion of the pH Starting from
the knowledge that to stop a heart effectively required a concentration
of 1 mg of potassium citrate per milhiliter of perfusate, an mmformed
guess as to the dilution indicated that we should increase fifteen to
twenty fold this concentration to insure an adequate level within the
heart muscle No danger seemed to attend a high level, and 1n fact we
were unable to determine the upper imit In the presence of aortic
valvular imncompetence or some communication between the aorta and
the right side of the heart, as a ruptured smus of Valsalva, this aspect
of the problem becomes increasingly important

I have no evidence about the last question 1 chnical practice, but
n 1solated heart preparations a real prolongation of the time of arrest
can be obtained by the intermittent perfusion through the coronaries
of blood contamnmmg 235 mg of potasstum citrate per milliliter If
this 1s perfused for three to five minutes after each 1schemic period of
about fifteen minutes the 1solated heart will be fully viable after three

hours of complete arrest
I am afraid neither I nor my associates have had much success with

retrograde coronary perfusion and feel that 1t nvolves even more diffi-
culties than it solves

DR FRANCIS D MOORE, Boston Changing the subject, I
would like to mahe one comment about the termmology of acidosis
before we close Hypouc acadosis 1s of course a form of metabolic
acidosis We merely wish to emphasize that discimmation of this
pathogenesis of metabolic acidosis may help 1n the future to distinguish
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amongst the Interplay of those many factors affecting tho pH of pa
tients on the pump-ons gentor There 1s nothing new about the concept
of hyponic acidosis In a sense the acidosis of the long-distance runner
18 hyportic acidosis since it nccumulates during a period of prolonged
onigen debt The concept is a fruitful one in pump oxy genator work
and it emphasizes the importance of high flows

This is not to imply that other acidotic mechanisms are inactive We
have seen some shdes today showing high plasma chlonde levels Dr
John Perhins of Chicago has re-emphasized the occasional role of
respiratory acidosis There may be many additional influences bearing
on pH Respiratory acidosis in pump owgenator physiology may
result from very low flows with failure to wash out CO, from tissue
sites This however scems to be very rare It is easier to wash out CO,
than it is to oxy genate tssucs under these circumstances Furthermore,
in the ovygenator tsell it appears to be casier to blow off CO, than it
is to axvgenate For these reasons it would be my guess that true
respiratory acidosis in theso patients (indicated by a high pCO,) is
most often observed after they have been taken off of the pump and
are faced with restdual pulmonary pathology especially bronchopneu
monla or inadequate ventilation of other causes
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m mid The suggestions offered should neither be considered
complete nor final, but perhaps only a step towards the develop-
ment of a language which might facilitate publication and scien-
tfic presentation of subject matter 1n this field

No better examples could be chosen to illustiate the need for
standardization than 1s provided by the measuiement of vascular
pressures and flows, by the determmation of the efficiency of
pump osygenators, o1 by the problems undeilymg 1cspnatory
exchange

Pressures and Flows Ttis desnable to document i publications
the type of pressure recording sy stem used mcludimmg the type and
model number of the manometer, the direct writer, and the diam-

504
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eter and length of fluid channels connecting the manometer to the
vascular system These data may be placed cons eniently m o foot
note m the methods section of the paper Where mterpretation of
pulse contours 15 crucial to development of the authors thesis
publication of represcntatine origmal tracings 15 desirable

Types of Pressurcs Recorded A number of recording condi
tions should be reported in publications These include a deserip-
ton of the position of the recording cannula in relation to the
direction of hlood flow (end or side pressure) whether a mean or
pulse contour tracing 15 made and the zero reference point

End Arterial Pressure Where the term “end pressure ™ 1s used
mn relation to an anatomic position mn the arterial tree 1t refers to
a pressure mensurement made with the manometer cannula mn the
proximal end of n divided vessel directed upstream toward the
heart. This term should not be confused with the term “end dias
tolie pressure ” which has a different meanmg in atnal pressure
measurements (see below)

Side Pressure The manometer cannula 1s placed in the side of
the unobstructed vessel so that the orifice of the manometer sys
tem is parallel to the direction of ummpeded blood flow End
artenal pressures may be somew hat higher than simultaneous side
pressures duc to a water hammer effeet of blood stnking the
manometer m the end position

Pulse Contour The pulse contour or pressure pulse measure
ment {s made with a manometer system responding fast enough
to reproduce quick pressure fluctuations within the vascular bed
Manometer systems having very small fluid displacements must
be used to give a satisfactory frequency response The term
pressure pulse refers to the contour characteristics of the entire
pulse while the term pulse pressure means the pressure differ
ence between systolic and diastolic pressure

Systolic Pressure Peripheral arterral measurements of systolie
pressure (such as end fumoral arteral pressure recording) may be
considerably higher than central artenal systolic pressure due to
the comversion of energ) stored in the moving blood into pressure
cnergy when flow is stopped at the closed end of the vessel or in
the needle in the vesscl (water hammer effect) The dispanty may
be accentuated fn abnormal vasomotor states occurring with
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hypovolemia or with low systemic blood flow Conclusions con-
cerning cential aitenal systolic pressure derived from peripheral
1ecordings must be tentative and rough
Diastolic Pressure: In the arterial pressure tracing, diastolic
pressuie 1s registered just prior to the upward deflection of rapid
ventriculai ejection Diastolic piessme within the atrial chamber
1s measured just prior to the vibration caused by closure of the
atiloventuicular valve (the C wave) This pressure value has been
called vanously the end diastolic pressure o1 the Z pressure In
cutical atrial pressure analyses, one cannot compare the end
diastolic pressure measuiement to mean atrial pressure (obtamed
by mtegration of the atrial pulse through an entne cardiac cycle)
until 1t can be shown that the wave of atrial systolic contraction
or waves due to incompetency of the atrioventricular valves mtro-
duce a neghgible difference between the atrial mean pressure and
atrial end diastolic pressure In any event the worker should de-
scitbe just what 1s meant by atrial piressure values, whether 1t 1S
an end diwastolic pressure, determined by mspection of the pulse
contour tiacing, or a mean atnal pressure, obtamed by mtegra-
tion of the entire atrial pulse contom
Mean pressure cannot be obtamed by averaging systolic and
diastohc pressures but must be obtamed by averaging each and
every mstantaneous piesswie prevailing within the pulse cycle
A pressure pulse with a short high peak of systole and a prolonged
diastole would have a mean presswe close to the diastohc value
rather than a value half-way between the systolic and diastohc
figures In the past it was necessary to measure the area beneath
the pulse contour with a mechanical device and divide by the
pulse cycle time to obtamn the mean pressure value Now, 1t 15
possible to obtain the smoothing (or mtegrating) effect by damp-
ing out the pressure variations electronically with suitable cir-
cuits so that the direct writer traces the mean pressure value This
ves the mean pressure for the entire heart cycle One must resort
to the older graphic methods if the components of mean systolic
piessure and mean diastolic pressure are destred To obtam a vahd
an tracing, the worker must first assure himself that the basic

me
se contour, from which the electronie mean value 1s to be ob-

pu]

tamed, 1s free from artifacts
Differential Pressure Mecasurements Under certamm aranmn-
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stances a recording 1s made of 1 pressure value which is the dif
ference between two actul pressures Specitl manometers may
be utihzed which directly measure such pressure differences In
the absence of a differential manometer multiple points on care
fully-calibrated primary curves may he subtracted to reconstruct
the differential pulse measurement The flow meters which utilrze
the principle of pressure drops across 1 constriction require dif
ferential pressurc measurcments

Another example of a differential pressure is the effective atrial
pressure obtuned by comparing the pressure withm the atrium
in the lutact chest agunst the subitmospheric {ntrapleural pres
sure just outside the heart wall thereby correcting atrial pressure
values for variations in the sub-ntmospheric intrapleural pressurc
Variations in sub atmospheric intrapleural pressure may be strik
ing durmg hypoolemia

Little attention has been paid in surgcal studies to this source
of error m compnring atnal pressure measurements made dunng
cardinc catheterization with the chest intact with studies made
with the chest open during surgery when the pressure surround
ing the heart 15 atmosphenc

Specificity Concerming the Point of Measurement of Pressure
The point at the vascular system should be specified where the
pressure 1s measured, eg the artery from which pressure was
measured should be indicated ruther than the loose description
“arternal pressure” Similar precision is necessary in the venous
system, where pressure measured n penpheral veins may not
accurately reflect central venous pressure ns measured within the
nght atrium The convention of prossure measurements within
the pump oy genator should include documentation of Input Line
Pressure for pressure within the line passing blood from the sub-
fect to the pump or pump-oygenator and Output Line Pressure
for those measurements m the lme passing blood back to the
subject from the mechanical device The zero reference level for
e pressure measurement may vars considerably from the stand
ard zero reference level for mtravascular pressure measurements
(see below) since the line pressure measurements are made for
purposes which have no drect relationship to intravascular pres
sure measurements or reference levels

Zero Reference Lecels 1t is deswrable to specify the zero refer
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ence level of pressure measmements m relation to the patient’s
position on the operating table Appreciable errors may result if
careful coirection to a standaid 1eference zeio level 1s not carried
out m atrial pressure measurements or in hypotensive arteral
observations Although we 1ecogmze that several different meth-
ods of standardization aie equally satisfactory, we recommend
that standard 1eference zeio levels be adopted 1n the bypass field
for purposes of umformty

(a) supme child 5 cm above the table top

(b) supme adult 10 cm above the table top

(c) supme dog 10 cm above the table top

(d) human in the lateral decubitus Fifth thoracic spmous
process

(e) dog 1n the lateral decubitus Fifth thoracic spmous process

FLOW MEASUREMENTS

Cardiac bypass surgery 1s m such a dynamic state now that 1t
1s useless to try to define such terms as “ideal flow,” “high flow,”
and “low flow ” Such definitions would become historical curiosi-
ties within a shoit time after publication of this 1epoit However,
certain techniques and expressions might be clarfied to aid
accurate communication 1 the field At the present time, consid-
erable data on bypass flows are bemng piesented without specific
mention of the manner m which the flow figure was determmed
It would be desunable to follow certain conventions in measuring
and reporting such measurements

(a) Where the 1deal situation of continuous monitormng of flow
during the actual bypass procedure can be carried out by
flowmeter, the accuracy of flowmeter calibrations and sta-
bihity should be stated

(b) Where the flow 1s determmed by prehmiary calibration
of flow rate at a given pump rate setting, the prehmmary
calibration should be carried out with the actual cannula
svstem to be used m the bypass m position and agamst
a specific pressuie head simulating the arterial pressure
agamst which the pump system must work during the by-
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pass This is easils done If the arterinl cannula orifice con
nected to the output Ime is clevated above the pump a
distmee cquivalent to the pressure head desired durng
the calibrition run In gravits drainage pump-oxy genators
where the pump may he a considerable distance below the
operating, table this pressure head elevation must be added
to the distanec the line 1s eley ited to reach the operating
table

Assuming that 136 cm of water m the artenal hine 1s equivalent
to 10 mm of mercuny the following heights produce common
pressure heads

Prevrure Head M Ily Herght (Inche ) Heght (Cae )
23 18 ¢ 3t
3 20 8 68
8 03 102
100 X - 130
123 671 170
150 50 3 204
173 ™0 38
200 107 4 o3

|

(c) Pubhshed descriptions of flow should include the absolute
volume of flow expressed in liters per minute and the flow
in mL per mnute per kilogram body weight or flow n
liters per minute per square meter of body surface area
The expression of flow on the basis of body surface area is
preferable to the weight expression smce it more precisely
cquates flow to metabolic demand n the younger age
groups A chart denved from the DuBois nomogram 1s
published
Recently extensive studies of energy metabolism of pre
mature and newborn infants have been carried out by
Scandiavian workers
Analysis of these data indicates that the chart may be used
as a parameter of metabole activity 1 such special ped:
atric groups In studies on dogs body surface aren may be
computed using a formula based upon weight

BS\ 1 M'=0 112 \/{neight ykg)
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Weight BSA M? Weight BSA M? Weight DBSA M? Weight BSA M?

Kg Kg Kg Kg
1 0 112 11 0 56 21 0 85 31 111
2 0 178 12 0 59 22 0 88 32 113
3 0 233 13 0 62 23 0 90 33 115
4 0 282 14 0 65 24 0 93 34 118
5 0 327 15 0 68 25 0 96 35 120
6 0 37 16 071 26 0 98 36 122
7 0 41 17 0 74 7 101 37 124
8 0 45 18 077 28 103 38 127
9 0 49 19 0 80 29 1 06 39 129
10 0 52 20 0 83 30 1 08 40 132

Infiequently, dogs of odd length should have suiface aiea compu-
tation on the basis of equations mcluding coirections for nose to
tail-base length, L. (measmed along the vential suface of the

trunk)
BSA m M2=0 2864 Wt Kg 03867 L (in meters)

No data exist to mdicate the degiee of conelation between sui-
face aiea and metabolic demand m small puppaes.

Definition of Various Terms Utilized in Describing the Prop-
erties of Flow: A numbe: of teims should be defined smce they
are utihzed frequently n 1eports of bypass piocedures

Non-pulsatile Flow. Curently-existing models of the 1ollei-
type pumps giving so-called non-pulsatile flow all induce a de-
gree of pulsation mnto the flow pattern as successive rollers entex
the platen of the pump It would be best to reserve the term non-
pulsatile flow for truly continuous stieams, such as those derived
fiom gravity flow bottles The 10llexr pumps of the DeBakey type
give flow which 1s best described as Low Amphitude Pulsatile
Flow

High Amplitude Pulsatile Flow. Conveisely pumps of the
Dale-Schuster type give pulses of high amplhtude

Mean and Instantaneous Flow- Where the flow computation
1s based upon observation of the accumulation of a volume of
flmid 1n a 1eservorr bottle over a measured time mteival, a mean
flow value 15 bemng obtamed Instantaneous flow values are ob-
tamed by the use of 1apidlv-1esponding flowmeters which permit
the graphlc registration of cychcal vanations of flow rate during

successive phases of the cardiac cycle
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FLOW RESISTANCE OBSERVATIONS

The concepts of resistance to flow are important to the surgeon
not only n permtting evaluation of lus pump-oxy gentor so that
effiient design m1v improve mechanical efficiency and lessen
blood trauma but also in preciselv documenting the changes
within the disewsed vascular system which mmpede the flow of
blood Such obstructions may be m the nature of valvular con
strictions or changes of small vessel bore due to vessel wall
changes or alterations of vasomotor tone

Definition of Resistance The tenn resistance denotes opposi
tion to the flow of a flurd Anthmetieally 1t is simply the pressure
required to produce a given flow or Resistance = Pressure/Tlow
Thus if a high pressure say 200 mm Hg is required to produce
1 liter of blood flow per minute the remstance would be twico
as great as if only 100 mm were required

Diameter of the minute blood vessels chiefly the arterioles is
a primary factor affecting resstence Changes in the viscosih
of the blood duc to varations 1n concentration of the plasma
protems and to a much greater extent, in red cell count, also
affect Tesistance to flow a classical example being the sluggish
flow seen n poly cythemia

Various Types of Resistance Expressions The most common
resistance expression used in physiological discussions is the value
of Total Peripheral Resistance This is an indication of the re
sistance to the flow of blood prevailing generally in the vascular
system The term is applied only to the systemuc circulation
(A comparable value in the pulmonary circuit is commonly called
the pulmonary resistance but would better be called the pul
monary vascular resistance to indicate that it is a measure of cir
culatory conditions within the lung) The total peripheral re
sistance 1s derlved from the resistances which prevail within
vascular beds of the varlous organs and tisues Since the circula
tion 15 connected in o parallel circuit with organs denving blood
supph from branches of the aorta the total peripheral resistance
is less than any gien territorial resistance through an organ
Moreover chnnges {n resistance 1 certain organs may be com
pensated for by opposite resistance changes m other organs with
out a chinge n total peripheral resistance or artenal blood pres
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Wewght BSA M? Weight BSA M? Wewght BSA M2 Weght BSA4 AM?

Kg Kg Kg Kg

1 0 112 11 0 56 21 0 85 31 111
2 0 178 12 0 59 22 0 88 32 118
3 0 233 13 0 62 28 0 90 33 115
4 0 282 14 0 65 24 0 93 34 118
5 0 327 15 0 68 25 0 96 35 120
6 0 37 16 071 26 0 98 36 122
7 0 41 17 074 7 1 01 37 124
8 0 45 18 077 28 103 38 127
9 0 49 19 0 80 29 106 39 129
10 0 52 20 0 83 30 108 40 1 82

Infrequently, dogs of odd length should have surface aiea compu-
tation on the basis of equations mcluding coriections for nose to
tail-base length, L (measwmed along the ventral suiface of the

trunk)
BSA 1 M?=02864 Wt Kg 0867 L (in meters)

No data exist to mndicate the degiee of correlation between sui-
face area and metabolic demand m small puppies

Definition of Vairious Terms Utilized in Describing the Prop-
erties of Flow: A number of terms should be defined since they
are utiized frequently m 1eports of bypass procedures

Non-pulsatile Flow. Curently-existing models of the rollei-
type pumps giving so-called non-pulsatile flow all mnduce a de-
gree of pulsation nto the flow pattern as successive rollers ente:
the platen of the pump It would be best to reserve the term non-
pulsatile flow for truly continuous streams, such as those derived
from gravity flow bottles The roller pumps of the DeBakey type
give flow which 1s best descubed as Low Amplitude Pulsatile

Flow
High Amplitude Pulsatile Flow Conversely pumps of the

Dale-Schuster type give pulses of high amplitude
Mean and Instantaneous Flow. Wheie the flow computation
1s based upon observation of the accumulation of a volume of
flurd m a 1eservoir bottle over a measured time mterval, a mean
ow value 1s being obtamed Instantaneous flow values aic ob-
tamed by the use of rapidly-responding flowmeters which permit
the graplnc registration of cyclical variations of flow rate during

successive phases of the cardiac cycle
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the pressures necessary at the upstream end of a plastic tube
The types of flon ma he esimated v measurements of pressure
gradients in the svstem or mav be roughly predicted by computa
tions myohvmg the diameter of the tube and veloaity of flow
Tremendous pressure heads may be required to propel adequate
volumes of blood through long narrow tubes or cannulas since the
laws of resistance requure that the pressurc vares geometrically
with tube dinmeter for a given flow, lincarly with length if flow
is lammar and geometrcalls with length if turbulent flow con
ditions prevail Irregular orifices and unnccessary constrictions
enhance these cffects

1t should be emphasized that regular consultations with bio-
physicists and engineenng experts are most useful n the avoid
ance of pitfalls in this complex field Considerable enginecring
knowledge ensts concernmg the flow of fluids in tubes Although
many of the engincering formulae cannot be used directly due to
{mperfections in our knowledge of blood flow approximations
and the exchange of concepts can prove most valuable

Efficiency of Pump-Oxygenators: The problem of cntical evalu
ation of the relative efficiency of oxygenator units necessitates
preaise expression of ideas involved and therefore standardized
termunology

The following terms appear to be useful

"By pass circulating volume” 1s that valume of blood in the
entire circwit outside the body of the subject while the heart
lung by pass is fully supporting the circulation of the subject.

“Priming volume” is that volume of blood necessary 1n the
entire circuit outside the body of the subject to run the apparatus
at a minimal flow rate

“Hold up” is the increment of blood 1t is necessary to add to
the priming volume mn order to reach the by pass circulating

volume needed to provide the flow rate required for the subject
of the moment.

Therefore primin
volume
‘Stand by volume™ 15 that amount of blood it is n
ecessary t
hold in resene for safe operation of the heart lung by pass ’
In expressing the performance of a given by pass apparatus the

g volume -+ hold up = by pass cireulating
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suie This may 1esult m a change of the paitition of blood flow
Commonly, such conditions obtam when systemic blood flow 1s
low due to shock Such oigans as the kidney undergo a vasocon-
stiictive mciease m 1esistance to pieserve the total peripheral
1esistance and blood flow to moie essential organs A 1eciprocal
fall m vasomotor 1esistance may occur m the moie vital organ
Undeistanding of this method of total body homeostasis 1s crucial
I pump-oxygenator work smce an excessively low perfusion may
1esult m organ 1schemia despite adequate arterial pressure levels
That the vasoconstricted organ may suivive after such ischema
during shoirt periods of by-pass does not necessarily mdicate the
extent of the mjury to 1t and 1its ability to smvive longer periods
of 1schema as our methods of bypass increase m complexity Indi-
cations of o1gan status, such as electio-encephalographic tracings,
acid-base studies, and 1enal function studies, become important
to us as we extend the periods of bypass

Regional o1gan resistance and the partition of perfusion may
have special propeities during heait-lung bypass smce the pro-
pelling blood foices are intioduced mto an unnatural pomnt of the
aortic system It 1s well-known that ceiebial blood flow 1s aided
by the centrifugal forces which thiow blood mto the caiotid
arteries as the ventriculai content 1s e]ected mto the cmve of
the aortic arch Studies aie indicated to show whether or not a
somewhat different partition of organ flow prevails, at the expense
of cerebral blood flow, when pulsations of low amplitude force
blood thiough the left subclavian aitery mto distal aorta duected
away fiom the aortic arch

Significance of Resistance Concepts in the Design of Pump-
Orygenators. Basic understanding of 1esistance concepts 1s use-
ful 1 oxygenator design It 1s reasonable to assume that mmimal
resistance to flow withmm the mechanical device results i a lower
pressure bemg developed m 1ts channels, and this lower pressure
1s gentler to the blood Quantification of the pressme-flow effects
can prove useful 1 achieving this end The pressure fall n a fluid
system flowing m a tube varies lmearly with the length of the
tube so long as the flow 1s lammar The pressue gradient varies
allv with length when flow 1s turbulent Avoidance of

geometric
v consequently would prove useful m mmmzing

turbulent flow
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which the subject would othtrwise occupy - Al camuln orifices
should be firmly fixed below the surfuce of the resenvoir to pre-
vent whipping and bubbles and the volume of fresh blood m the
entire circmt to be standard should he two times the by pass
arculating volume Blood should be freshly drawn and huve a
Hgb of 14 gm per cent or morc it should be mamtamed at 37°
and undtluted in the circuit The flow rate should he maximal

The provided dath on hemolssis to he adequate should
include

1) “Index of hemolyvsis™ = added grams of frec Hgh per 100
liters pumped
2) Final plasma Heb concentration

It does not scem mappropriate to furmsh data on heart lung
by pass procedures in addition and in this context the following
arc suggested

GENERAL TLRMS
1 “Heart lung bypass ”
A term used to describo the condition existing when arti
ficial heart and lungs are bemng used to mantain the cir
culation
2 “Extracorporeal Circulation ”
A general term used for a system employing a circulation
outside tho body
“Duratfon by pass” should be qualfied as follows
Time of a caval occlusion
b partal pump dependency
¢ complete pump dependency
4 “Elective Cardiac Arrest ”
Suggested as a sumpler term than “cardioplegia” or in
duced cardiac asvstole ™

w

Respiratory Exchange The development of ex
culition has involved contributions If)mrn 2 var(far:;vmorfpos,:::n;gc
disciplines and it can be lauded as an ady ance in medicine that
tlus 15 the case It 15 suggested that adoption of an alread
cepted svstem of definttions and svmbols mav enhance t]i> o
change of 1deas and know ledge e
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followmg data, obtamed while a specific ammal or patient with
Hgb 14 gm % o1 moie 15 supported m a steady state by that appa-
1atus, appear to be essential

1) Aitenal pHI

2) Composition of the oaygenating atmosphere
3) Tempeiatwe of oxygenator

4) Venous per cent Hgb satuiation (o1 O. content)
5) Aitenal per cent Hgb satmation (o1 O: content)
6) By-pass cuculating volume

7) Primmg volume

8) Flow 1ate of blood to the subject

9) M1 O: added per mmute by the oxygenator

Simple comparisons of heait-lung by-pass units are possible by the
following thiee factors

1) Maxmmal flow rate possible
2) Ratio of minute flow to by-pass cnculating volume
100 X (ml O: added per minute)

3) Gas exchange ratio
m] by-pass cuculating volume

with maximal flow rate and otheiwise the conditions described
above, an A-V difference of at least 5 vol %, and an artenal oxy-
gen satumation of at least 95%

Hemolysis proper 1s not a problem of cardmal importance mn
most cunently known by-pass machmes It 1s a valuable index,
however, of the amount of trauma mflicted upon the blood,
trauma which may be a factor m as yet poorly understood damage
to the subject A standard test for the hemolytic effect of by-pass
should exclude the subject, who may remove much hemoglobm
from the plasma It should mclude m the circuit the aiterial and
venous cannulae and all tubing utiized in by-pass, for hemolysis
1s more marked m areas of constriction and turbulence than
areas of smooth flow It should pump agamnst a pressue equal
to the usual subject aortic pressure durmng by-pass, for sever al
pumpmg mechanisms m current use contribute a measure of
mechanical shock m the propulsion of blood aganst pressure

It 1s suggested that an assembly permitting ready comparllson
might consist of a reservorr at a level of 140 cm Ingher than that
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“S” == Saturation in per cent Defined as 100 X O. content of
hemoglobin/O; capacity of hemoglobin Dissolved oxigen
is excluded

2 Small eapitnl letters arc used to define the location of a gas
in the resprratory tract Thus “17 “17 and “A” refer respec
tnely to mspired expired and aly colar gases

3 Lower case letters are used to localze a gas combined with
or dissolved m blood Thus “a” and “\” refer respectively to
arterial and venous bloed the cxact location to be specified
3 refers to mixed v enous blood

4 The full chemical symbol in small capital letters 1s usced to
designate the type of gas and appears as a subseript if fol
lowing the symbols given in paragraphs 1-3 above

5 If used together the vanables follow one another in tho
order given m paragraphs 1-4

Fxamples Puao, Yo, = partiul pressure of oxy gen n arterial and

mixed 1 enous bloods respectivels

Vo, = mlox gen consumed per mnute Cng, CVo, = concentra
tion {(content) of oxigen m ml; 100 ml blool m arteral and
mixed venous bloods respectively Both oxvgen combined
with hemoglobun plus dis<olved oxygen @ meant when refer
ring to concentration or content thus arterio venous oxygen
content difference = Cao — (3,

Qc = blood flow m ml or L/mmn through the pulmonary capil
lanes ( ¢ )

Therefore the cquation for cardiac output as defined by the Fich

principle 15

Vor
- Caoy—Cooy

The Commuttee wlich i 1030 formulated the Standardization
of Defimitions and Symbols m Respirntors Phy siology state that

New svmbols are easily added to the Iist without altering the
method of symbolization  The widespread present use of putnp—
oxygenators mav eall for such additions For example Qee
nught refer to the v olume flow of blood 1n hiters mm through the

external pump or pump—ox genator cireurl and S10, and Soq

to oxypen saturation manput ime 1 (venous) and outflow Iine
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Use of a standaidized set of definitions and abbieviations for
the gaseous constituents, namely, oxygen, carbon dioxide, and
mtiogen of blood should facilitate communication m publications
and scientific meetings conceined with pump-oxygenators Fortu-
nately, a unifoim system was adopted m 1950° m a field closely
associated with cardio-vasculai swigery, namely cardio-pulmonary
physiology, and has subsequently been applied on a wide scale
m publications dealing with clinical applications of physiology 11

A few of the defimtions and symbols from the orignal article
are mcluded heie because of then 1elevance to the use of pump-
oxygenatois

1 Geneial vanables aie repiesented by large capitals, as for

example
“V”=gas volume Piesswe, tempeiatme and whether dry or
satmated with water vapor should be stated

For measmements of oxygen uptake or consumption, volumes
of O: should be expiessed as “Standaid Temperatuie and Pres-
sure, Dry” (STPD), 1e at 0°C, 760 mm piessuie, gas dry Fo
measuiements of volumes of gas exhaled, volumes aie expressed
as “Body Temperatuie and Piessuie, Satmated” (BTPS) 1e at
37°C, emisting barometiic pressure, satmated with water vapou,
which will exert a vapor tension of 47 mm Hg at that tempera-
twwe When gases aie collected mn a spwrometer o1 Douglas bag,
they aie at Ambient (room) Tempeiature and Pressuie, Satmated
(ATPS) and the volume must always be coirected to STPD o
BTPS by a suitable equation
“Q” = Volume of blood m ml or L. A dot over a letter means per

unit tume, usually 1 minute, thus

“V” = gas volume/mm

“Q” = Volume flow of blood, m ml/mm o1 L/nmun, as specified
“P” = Paitial pressuie of a gas, n mm Hg
“C” = Concentiation o1 content of a gas m ml/100 ml blood

o Standardization of Defimtions and Symbols i Respiratory Physiology Fed

c, 9 602, 1950
Pﬂ-)} Comroe, ] H The Lung Chmcal Physiology and Pulmonary Function Tests

ago, The Year Book Publishers, 1955 219 pp
Chilczlgrﬁmennan, L M and Levine, R Physiologic Principles of Surgery Phila-

delphia, W B Saunders Company, 1957 988 pp
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*S”=Saturation in per cent Defined ns 100 X O content of
hemoglobin/O, capaeity of hemaglobn Dissolved oxvgen
15 excluded
2. Small captal letters are used to define the location of a gas
m the respimtory tract Thus 17 "1™ and "A” refer respee
tively to mspired expired and alveolar gases
3 Lower case letters are used to localize n gas combined with
or dissolved in blood Thus “n” and “v” refer respectnely to
artenal and yvcnous blood the exact location to be specified
Y refers to mined v enous blood
4 The full chemical symhbol mn small capital lctters is used to
designate the type of gas and appears as a subscript if fol
lowing the symbols grven in paragraphs 1-3 above
5 If used together the varables follow one another in the
order given in paragraphs 1-4
Examples oo, IVo, = partial pressure of oxy gen i arterial and
maxed y enous bloods respeetiy ely
Vo, = mloxy gen consumed per minute Cao, CVo, = concentra
tion (content) of oxyvgen mn ml; 100 ml blood m arternal and
rmixed venous bloods respectively Both oxygen combined
with hemoglobin plus dissohved oxy gen 13 meant when refer
ring to concentration or content thus arterio \enous oxygen
content difference = Cag, — CVo,
Qc = bloed flow 1 ml or Lymm through the pulmonan eapil
lares (¢ )
Therefore the equation for cardiac output ay defined by the Fick
principle 14
Vot

Caoy—Cfos

The Committee which i 1930 formulated the Standardization
of Dcfimtions and Svmbols 1n Respiratory Phvsiology state that
New svmbols arc eamly added to the list without altering the
method of symbolization  The widesprend present use of pump—
oxvgenators may eall for such additions For example Qec
mght refr to the volume flow of blood 1n liters; min throu I th
external pump or pump—oxx genator circut and S, and 8900 ¢
to oxygen <aturation i nput hne 1 (v enous) nnd, outflow lmxc
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o” (aitenalized) Conrespondmg partial pressuies and contents of

3 &<

oxygen and carbon dioxide in these lines would be “P1o,”, “Poo,”,
“Cio,” and “Coo,”

It will be noted that the conventions outlined n paragraphs 1-5
above have been followed 1 these examples

Eventually, a set of symbols such as these o1 similai ones de-
vised specifically for use with pumps o1 pump—oxygenators may
be agieed upon and then standaidized Then use should provide
advantages simila1 to those aheady obtamed m cardiopulmonary
physiology, 1equnmg only to be defined once, the buef symbol
alone thereafter bemg used 1n both text and tables












