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CHAPTER 1 :  INTRODUCTION 

1.1. INTRODUCTION 

Only s ince World War II have art i ficial organs been 
capab le to take over the functions of vital organs , 
such as kidneys , lungs and heart . Wi th a fa i ling 
renal function arti ficial kidneys have been wide ly 
u sed to purify the blood intermittently , but prob lems 
initiated by complement activation have not yet been 
sol ved . Dur ing cardiac surgery the art i ficial lung 
has been routinely employed for a short period , but 
hemolysis and platelet damage are still  inevitable 
consequences of cardiopulmonary bypa ss  ( CPB ) • Around 
1 9 6 0  the se consequences were already establi shed by 
Dorlas ( 1 9 6 0 )  and Homan van der He ide ( 1 9 6 0 )  from 
Groningen , who inve st igated the applicab i lity of a 
bubble oxygenator ( type Li l lehei-DeWall ) for oxygen
ation during open-heart surgery procedure s .  Their 
succes s ful experiments on dogs were fol lowed by 
employment of thi s  ci rrestor in patients. For long 
term replacement of the respiratory funct ion the 
e ffect ive gas exchange of the arti ficial lung is  
limited to  days or a few weeks , but many complica
t ions re lated to bloed damage are encountered l ike 
impaired hemostas i s  and infections. Several types o f  
arti ficial hearts have been implanted in laboratory 
animals . Kolff and his  co-workers in Salt Lake C ity , 
for ins tance , have succeeded in keeping calfs wi th 
implanted hearts a l ive for periods of up to 2 6 8  days 
( Hastings et al . ,  1 9 8 1 ) , but continuou s activation of 
the intr insic c lotting cascade has required permanent 
anticoagulation . Recently deVries and Jarvik succe ss
ful ly implanted an artific ial heart in a human being . 
However , thi s  first patient died of infection after 
1 1 2  day s (Joyce et al . ,  1 9 8 3 ) . From th is  brief survey 
it may be c lear that , although the func tion of sever
al vital organs can be taken over e f fectively for 
shorter or langer periods , the prob lems of blood 
trauma due to activation by the nonphys iological 
materials have not yet been overcome . 

Nowadays CPB is  a re lative ly safe procedure despite 
the fact that the complete circulation and vent ila
tion of the patient have to be taken over . In the CPB 
procedure the regu lat ion of hemodynamics and gas 
exchange is  we l l  under control . However , relatively 
l ittle is  known about the activation of enzyme 
systems and the blood cells . Morbidity and mortal ity 
a fter cardiac operations are ma inly as soc iated with 
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the secondary effects of the activation of enzyme 
systems and damage to the blood elements (Lee et al . , 
1 9 7 1 ) . 

Next to surgical techn iques ,  progre ss in cardiac 
surgery depends to a large extent on improvements 
accomplished in CPB . Right from the beginning of open 
heart surgery in the early 1 9 5 0 s  severe damage to the 
blood has been recognized as one of the inevi table 
consequences of CPB . Even today , a fter almo st 3 0  
years o f  extens ive experience and research which have 
provided substantial improvements in the CPB compo
nents , we still  have a poor understanding of the 
blood damage : i ts principal causes , i ts e ffects on 
the patient and , last but not least , its prevention . 
For example , the intrinsic clotting cascade is  
activated by CPB t o  such a n  extent that irnrnediate 
coagulat ion wi l l  occur in the circuit . Only the 
discovery of heparin has made extracorporeal circu
lation in general and CPB in particular pos s ible . 
However , other cascades l ike those of kall ikrein , 
fibrinolys is  and complement system are also acti
vated , but the investigat ion into the consequences of 
all  the se activations has only j ust begun . 

Apart from the activation by blood contacting 
materials , other factors also determine the hemocom
patib ility of the CPB system l ike concentration and 
reac tivity of the blood elements , flow conditions 
inc luding mechanical trauma and shear stress , temper
ature , anticoagulants , and priming solutions . Each 
factor has an e ffect on blood damage but not to the 
same extent and not with a pre ference for the same 
blood elements . 

To elucidate the relations between blood damage and 
CPB detai led inve stigations are needed to learn the 
contribut ions of the different parts of the extracor
poreal c ircuit . Once the contribution of each link of 
the extracorporeal chain is known , improvements with 
regard to hemocompatibili ty can be obtained . Tubing 
materials can be changed , blood pumps replaced , and 
oxygenators and cardiotomy suction sys tem improved .  
Only improvement of each l ink can ultimately pre serve 
optimal hemocompatibil ity of the who le CPB chain . 

1 . 2 . COMPLICATIONS OF CARDIOPULMONARY BYPASS 

Compl icat ions as a results of 
alterations caused by CPB are : 
infection , and organ dys function . 
still  contr ibute to the mortal ity 
cardiac surgery today . 

1 . 2. 1 .  Anemia 

the hematological 
anemia , bleeding , 

These complications 
and morbidity after 

In the early day s of CPB hemolysis was a prominent 
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mani fe station of mas s ive damage to the erythrocytes .  
In tho se days hemocompatibil i ty was measured and de
scribed in terms of hemolys i s  and the estimat ion of 
plasma hemoglobin was used as the quantitative 
indication . However ,  hemolys i s  as an expre ss ion of 
direct erythrocyte damage only tel l s  a part of the 
s tory of red cell damage . Moreove r , it only yields 
limi ted information , s ince plasma hemoglobin level s  
are not only related t o  damage t o  the erythrocytes 
but also to the processes of binding to plasma 
proteins and e limination . 

Technical improvements of the heart- lung machine 
have greatly l imited direct mechanical des truction o f  
erythrocyte membranes and there fore hemolysis . 
However , mechanical forces can a l so affect membrane 
frag i l i  ty re sul ting in subhemolytic damage of the 
erythrocyte s ,  which reduces the survival t ime 
( O'Rear et al . ,  1 9 7 9 ) . Sub letha l erythrocyte damage 
does not necessar i ly raise the plasma hemoglobin 
concentrat ion , but can be re spon s ib le for post
perfusion anemia ( B i rnbaum et al . ,  1 9 7 7 ) . Bernstein 
et al . ( 19 6 7 )  conc luded from their work that suble
thal erythrocyte damage is more important than direct 
hemolysis ; they calculated that s imul taneously wi th 
the lys i s  of one erythrocyte hundreds of red ce l l s  
are sublethally al tered . Berns t e  in also stated that 
the magnitude of hemolys i s  in the first 24 hours 
a fter perfus ion may be as much as four times greater 
than the immediate hemolys i s . Thi s  postperfu s ion 
anemia may last for a period of one week ( Gallett i , 
1 9 6 5 ) . Although severe hemolys i s  during CPB has 
become rare , postoperative anemia still  is a common 
consequence of cardiac surgery . Because no studies 
are ava i lable to re late the extent of postoperative 
anemia to the various components o f  the extracorpo
real c ircuit , it is one of the aims of th is  the s i s  to 
estab l i sh thi s  relat ionship . 

1 . 2 . 2. B leeding 

S evere bleeding a fter CPB procedure s ,  occurring in 
about four percent of a l l  cardiac operations ( Game s 
et a l . ,  1 9 8 0 ) , i s  related to ma j or decreases in the 
coagulat ion factors and in number and function o f  
c irculating thrombocytes . Most reports about bleed ing 
tendencies after CPB disclose loss of thrombocytes as 
the main cause . Markedly prolonged bleeding times 
occur even more frequently when the coagulation 
factors have also been a ffected . 

Several authors have reported postoperative di stur
bances in the coagulation mechanism , especially in 
factor V, which may result in excess ive bleeding 
(Bachmann et al . ,  1 9 7 5 ; Moriau et al . ,  1 9 7 7 ;  Kal ter 
et al . ,  1 9 7 9 ) . Ka lter also suggested a minor role for 
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disseminated intrava scular coagulation or increased 
fibrinolysis . All the se investigations have demon
strated that , despite systemic heparinization , 
act ivation and consumption of clotting factors do 
occur during CPB . However , the primary cause of thi s  
activation of the c lotting ca scade is  not exact ly 
known . 

Although the coagulat ion mechanism may be disturbed 
after CPB , it only plays a minor role in the problem 
of postoperative bleeding and only adds to otherwi se 
generated hemostatic problems ( Bick et al . ,  1 9 7 6 ; 
Heiden et al . ,  1 9 7 7 ) . The ma j or causes are found in 
decreases in number and function of the thrombocyte s .  
The generally accepted normal pattern of thrombocyte 
loss is as fe l lows ( Sal zman , 1 9 6 3 ; McKenz ie et al . ,  
1 9 6 9 ; de Leval et al . ,  1 9 7 2 ; McKenna et al . ,  1 9 7 5 ; 
Kalter et al . ,  1 9 7 7 ) : during CPB the number o f  
circulating thrombocyte s drops t o  l e s s  than h a l f  of 
the initia! amount . Shortly after CPB some increase 
is  noticed but the number remains low for a period o f  
two or three days . Thereafter the number increases 
unt i l  the preoperative value i s  reached a fter about 
one week . In some cases thrombocythemia is found for 
a per iod of five days therea fter , but a fter three 
weeks the number reaches the preoperative leve l 
again . 

The course of thrombocyte function has been less 
extensive ly studied than the pattern o f  thrombocyte 
nurnber , and only a l imited amount of information is 
avai lable ( de Leva l et al . ,  1 9 7 2 ; McKenna et al . ,  
1 9 7 5 ; Kalter et al . ,  1 9 7 7 ) . Thrombocyte adhe s iveness  
is  sharply reduced after the start of CPB , remains 
low during perfus ion and then gradually returns to 
the normal range . Thrombocyte aggregation induced 
with ADP , adrenal ine or collagen decreases during 
CPB , increases again from the third day and reache s 
preoperative leve l s  a fter one week . 

Few studies have explored the contribut ions of the 
various components of CPB to platelet damage . So an 
opt ima! c ircuit with re spect to thrombocyte preserva
t ion during CPB has not yet been de scribed . Such an 
attempt wi ll  be made in this the s i s . 

1 .2 . 3 .  I nfection and organ dys function 

I nfection and lung dys function are related to 
activation of and damage to complement factors and 
leukocyte s .  Complement activation by biomaterials 
induces leukocyte aggregation . These aggregates plug 
capil larie s in the lung and cause the so-called post 
per fus ion syndrome by the release of proteo lyt ic 
enzymes and oxygen radicals (Harnrnerschmidt et al . , 
1 9 7 9 ) . Moreover , interaction between biomaterials 
and leukocytes may result in changes in number and 
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function o f  c irculating leukocytes .  Impairment o f  
chemotaxis ( S kubitz et al . ,  1 9 8 1 )  and phagocytos i s  
( S i lva et al . ,  1 9 7 4 )  wi l l  affect the de fense mecha
nism against infection . In combinat ion with the risk 
of airborne contamination during CPB ( Blakemore et 
a l . ,  1 9 7 1 ;  Dankert et al . ,  1 9 7 8 ) , a substantial 
incidence o f  infection can be expected and has indeed 
been reported ( Goodman et al . ,  1 9 6 8 ) , inc luding 
seps i s . S tudies o f  complement activation during CPB 
are s till  l imi ted in nurnber , because no well  stan
dardi zed methods of quant itating complement activa
t ion were avai lable in the past . Recently radio
irnrnunoas says for C 3 a  and C 4 a  have been deve loped for 
human beings . However , such assays are not yet 
avai lab le for animal studies . So a systematic study 
o f  the contribution o f  each CPB component in relation 
to in fection in wel l  standard i zed canine experiments 
is not feasible at the present time . 

1 . 3 .  INTERACT ION BETWEEN BLOOD AND BIOMATERIAL 

In the 1 9 5 0 s  and 1 9 6 0 s  a great deal of e ffort has 
been spent on investigating the interact ion of blood 
and biomaterials . Most studies deal ing with the 
problem of assess ing hemocompat ibil ity focus upon the 
e ffect on the clotting cascade , but clearly th is  
cannot be  regarded as the s ol e  index . Considering the 
whole interrelationship between device and living 
organi sm ,  multiple systems beyond the coagulation 
process  are involved l ike complement activation , the 
re lat ionship between complement activation and the 
coagulation proce s s , surface microrheo logical phenom
ena , protein dynamic s , and electrochemical phenomena 
at the blood-biomaterial interface . Moreover , inter
laboratory compari son and corre lat ion of the test 
procedure s and research data should be faci l itated by 
us ing re ference materials and methodo logies that have 
become ava i lable . 

Several ways are open for improving hemocompat i
b i l ity . One of them i s  to look for better hemocompat
ible b iomaterials l ike polyurethanes wh ich se lect ive
ly adsorb albumin , thus preventing thrombocyte 
adhes ion ( Lyrnan et al . ,  1 9 7 5 ) , or to deve lop new 
materials which do not activate any o f  the systems 
mentioned . Another approach is to coat biomaterials 
with drugs . Biomaterials have been coated with 
hepar in, , cova lently bound ( Le ininger et al . ,  1 9 7 2 ; 
Lagergren et al . ,  1 9 7 4 )  or leak ing from the coating 
in a contro l led way (Tanzawa et al . ,  1 9 7 3 ) , or 
attached by the formation of a comp lex of a quater
nary salt ( Toomas ian et al . ,  1 9 8 3 ) . Coating with 
prostaglandins (McRea et al . ,  1 9 7 8 )  to prevent 
platelet adhe sion has also been studied . However ,  
none o f  these systems is ava i lable for practical use 
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at present . 
Extracorporeal circulat ion can also be cornbined 

with the s imultaneous adminis tration of drugs to 
prevent the activation of the various cas cade s . 
Heparin is  cornrnonly used to prevent clotting . Inhibi
tion of thrombocyte reactions l ike adhes ion , aggrega
tion and release has also been attempted with drugs 
l ike PGEl , PGI 2 , dipyridamole and sulfinpyrazone ( van 
den Dungen , 1 9 8 3 ) . According to Mie lke et al . ( 1 9 7 3 )  
" the ideal drug wou ld e f fective ly alter the platelet 
surf ace reaction without caus ing impa irment of the 
platelet function " .  However ,  so far such an ideal 
drug has not been found . 

At this moment the mo st practical approach to 
improving the hemocompatibility of the CPB circuit i s  
t o  evaluate systematically the contr ibution of the 
many components from which such a CPB ci rcuit i s  
cornposed to blood damage . Broad ly the components o f  
the CPB are : tubing materials , blood pump , oxygenator 
and suction device . After such an evaluation a 
optimally hemocompatible extracorporeal circuit can 
be assembled by combining the optima lly hemocompat
ible components . This concept of systematic eva lua
tion and optimal i z ation to be per formed in animal 
experiments under strictly standardized conditions 
farms the bas i s  of the present dis sertation and seems 
l ikely to improve CPB in the cl inical situation . 

1 . 4 .  SPEC IES DEPENDENCE 

Dog s were chosen to be used as exper imental ani
ma ls . Thi s  choice , however , raises que stions : can the 
results of the exper iments on dogs in mimicked 
c l inical c ircumstances be transposed to the proce
dure s on human be ings in the operating theater? For 
ins tance , species related di fferences between human 
be ings and dogs exi st with respect to the interaction 
of blood and biomaterials . Canine thrombocytes are 
generally much more reactive to biomaterials than 
human thrombocytes. In thi s  respect the dog is proba
bly a good species . However , the group of Grabowski 
has also shown that the surface reaction is  dependent 
on the k ind of polymer used , so that canine thrombo
cyte s under certain ci rcums tances may even be less 
reactive than human thrombocyte s ( Grabowski et al . ,  
1 9 7 7 ; Lewis et al . ,  1 9 7 9 ) . 

I n  a strict sense i t i s  only al lowed to compare 
re sul ts wi thin one species and i t is dangerous to 
make quantitative pred ictions concern ing blood trauma 
in human beings . Neverthele s s  i t has been assumed 
that the dog ' s tolerance of a certain artificial 
device in terms of erythrocyte s ,  thrombocytes and 
coagulation impl icates that the device wi ll  probably 
also be tolerated by man . Consequent ly , the dog has 
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been widely used as an experimental animal to study 
the e f fect of extracorporeal circulation ( S chmid
Sch6nbe in , discus s ion , 1 9 7 9� Newland , 1 9 7 7 ) , despite 
the absence of direct applicabi l i  ty of the conclu
s ions from such experiments on dogs to the c l inical 
s ituation . Moreover compar i son o f  the conclus ions 
from canine CPB experiments in our laboratory wi th 
those from later s imilar inves tigations in human 
beings during open heart surgery has shown that , 
under these cicumstances , the dog provided a very 
suitable animal model to per form basic research (van 
den Dungen et al . , 1 9 8 2 ) . 

1 . 5 .  PURPOSE OF THE INVESTIGATION 

The mani fold unanswered que stions concerning the 
hematological response towards cardiopu lmonary bypass 
have prompted us to per form a systematic hematologi
cal inve stigation in strictly standardized an ima l 
experiment s .  The purposes of this inve stigation are : 
1.  to determine the hematological a lterations induced 

by the various components from which a CPB circuit 
is  composed ( c ircuit materia ls , blood pumps , 
oxygenator , and cardiotomy suction device ) in 
concentrations and functions of blood cells  and in 
fibrin formation . 

2 .  to compose a optimally hemocompatible CPB for 
cardiac surgery by j oining the least traumatic 
components and to prove its superior ity . 

The outl ine of the the s i s  i s  as fol lows : 
Chapter 1 gives the introduction to the sub j ect . 
Chapter 2 provides a description of the materials and 

methods used in th i s  inve stigation . 
Chapter 3 describes the general behaviour of blood 

components when exposed to the basic 
e lements of an extracorporeal circuit 
( ECC ) , tubing and pumps , and compares three 

different tub ing materia ls . 
Chapter 4 describes the hematological alterations 

caused by three di fferent blood pumps . The 
results of chapters 3 and 4 together 
ind icate the bas ic elements for an optima l  
extracorporeal ci rcuit . 

Chapter 5 describes the hematological alterations 
caused by di fferent oxygenators ( one bubble 
oxygenator and two membrane oxygenators ) 
with the standard elements of an ECC and 
with the opt ima l circuit . The re sults o f  
chapters 3 ,  4 and 5 together indicate a 
opt ima lly hemocompat ible heart- lung ma
chine . 
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Chapter 6 describe s the hematological alterations 
caused by two di fferent methods o f  cardio
tomy suction : suction of blood with and 
without air from the thoracic cavity . The 
results of chapters 3 ,  4 ,  5 ,  and 6 together 
indicate the optima! equipment for CPB pro
cedures . 

In  this systematic eva luation i t is  pos s ible to 
assess hematological alterations caused by each 
s ing le component of the CPB circuit and to choose the 
components for the opt imally hemocompatible CPB 
equ ipment . Finally th i s  knowledge can be trans ferred 
from the experimental anima! laboratory to the human 
c l inical situation . 
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CHAPTER 2 :  MATERIALS AND METHODS 

2 . 1 .  INTRODUCTION 

This chapter provide s a description of the materi
als and methods used in thi s  experimental invest iga
t ion . I f pos s ible the testing procedure s ,  materials 
and laboratory methods were se lected that are used 
in the c l inical s i tuation . Only a few methods needed 
adaptat ion to d i s s imilar canine properties ( e . g .  
blood ce ll  counts ) .  Apart from the assessment o f  the 
hemato logical parameters , wh ich wi l l  be described in 
deta i l , the e lectrocardiogram , the systemic arterial 
blood pres sure ( SAP ) and the central veneus blood 
pres sure ( CVD ) were recorded continuously to control 
phys io logical condi tions . Arterial blood gas va lues 
( po2 , pco2 , Sa02 ) and pH were measured at regular 
interval s  to as sure correct operation of the oxygen
ator and adequate b lood flows to the t i s sues . 

2 . 2 .  AN IMAL MODEL 

2 .  2 . 1 .  Dogs 

I n  a l l  experiments mongre l  dogs of either sex 
we ighing between 27 and 35 kgs were used . The average 
weight was 3 0  kgs . Every dog was experimented upon 
only once . One week prior to the experiment the 
physically healthy dog underwent a hematological 
examination . Exclusion from the experiments fol lowed 
i f  cellular blood counts , bleeding time , thrombocyte 
function or sedimentation rate of the erythrocyte s 
( SRE ) were not within the norma l range o f  our labora
tory ( see 2 . 7 . 8 . ) . From one week be fore the experi
ment the animals were fed on Canex® dry food "( Hope 
Farms , Woerden , Netherlands ) .  The day be fore the 
experiment food was wi thhe ld , but water intake was 
allowed without restriction . 

2 . 2 . 2 .  Ane sthe sia  

Premedication inc luded intramuscular administration 
of 0 .  5 mg atropine sulphate and 5 0  mg pethidine 
hydrochloride . After 15 minute s a Braunule ( no GI , 
B . Braun , Belsungen , BRD ) wa s inserted into the 
cephalic vein and anesthe s ia was induced with sodium 
pentothiobarbi tal 3 0 mg /kg intravenously . After 
intubat ion ( Rüsch endotracheal tube nr 3 6 - 4 4 )  ane s
the s ia was continued as soon as pos s ible with fluo-
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thane ( Halothan®, ICI , Rotterdam , Netherland s )  0 . 5  % 
in a gas mixture of  N2o 4 l /min and o2 2 l /min . The 
anima ls  breathed spontaneously in an open system 
according to Waters (Med . I nd . Eq . Ltd . , London , UK) . 
The temperature of the dogs was kept constant by 
using heating matre s ses ( Gayman , USA) and a Thermo 
circulator ( type LTCK , Churchill Ltd . , Greenford , 
Middlesex , UK ) . 

During thoracotomy and suction the dogs we re 
art i ficially venti lated (Monaghan M 3 0 0 , Denver , 
Colorado , USA) . Every hour 2 5  mg pethidine hydro
chloride was administrered intramuscularly . Muscle 
relaxation was e f fected with intravenous in j ection of  
5 mg succinylcholine hydrochloride and this amount 
was repeated every 2 0  minute s .  The last dose was 
given 2 0  minutes be fore clos ing the thorax in order 
to al low quick spontaneous breathing after termina
tion of  the ECC per iod . 

2 . 2 . 3 .  Anticoagulation 

Anticoagulation of the anima ls was achieved by 
means of systemic heparinization . The Celi te Acti
vated C lotting Time (ACT ) and a Hemochron clottimer 
(mode l  4 0 0 , Int . Technidyne Corp . , Edison , NJ , USA) 

were used to measure heparin levels  (Bull et al . ,  
1 9 7 5 )  . Baseline values were established be fore 
anticoagulation was instituted by intravenous admini
stration of an initial dose of  1 0 0  IU of  bovine lung 
heparin per kg bodywe ight . After 5 mins the ACT was 
measured and the same dose of heparin wa s repeated , 
followed by reasses sment of  the ACT . I n  accordance 
with Bu ll  and Ak l et al . ( 1 9 8 0 )  the resulting dose
re sponse curve ( figure 2 .  2 .  3 . )  was a straight l ine 
through these three points . I f  needed this curve wa s 
extrapolated in order to ca lculate and to admini ster 
the required addi tional do se of  heparin to pro long 
the ACT to 4 8 0  secs . During the operation and ECC , 
hourly measurements of  the ACT were per formed in 
order to ma intain the e ffect of  the heparin concen
tration around the des ired leve l of 4 8 0  secs . After 
disconnection of  the circuit the ACT was measured and 
the remaining amount of heparin in the circulation 
was ca lculated from the dose-respon se curve . Heparin 
was then neutralized by s low intravenous injection o f  
protamine hydrochloride ( P rotamine ®, V i  trum , S tock
ho lm , Sweden ) in an amount of 1 . 3  mg protamine 
hydrochloride for each 1 0 0  IU heparin . Subsequent ly , 
the ACT was measured a fter 5 and 1 5  mins to ensure 
complete neutralization of  heparin . 
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Figure 2 . 2 . 3 .  ACT dose-response curve 

2.60 

1.9 5 

1 .30 

0.6 5  

This curve was constructed from ACT values (mean 
value ± sd ;  n=lO ) obtained by repeated inj ection of 
3 0 0 0  I U  heparin to dog H 2 4 7 3  we ighing 3 0  kgs . The 
4 8 0  secs line represents the optima! heparin level . 
The required amount of protamine hydrochloride ( 2 .  0 
mg/kg bodyweight)  was calculated from the ACT ( 4 0 0  
sec s )  at the end o f  ECC . 

2 . 2 . 4 .  Pr iming 

The extracorporeal c ircuits were primed with fluid 
mixture s consist ing of equal volume s of homo logous 
canine CPD donor blood ( kept for maximally one day at 
4 °C ;  prior to priming the blood was heparini zed ( 5 0 0 0  
I U / l )  and 1 g / l  calcium levulinate was added to 
neutralize  the citrate anticoagulant ) and gelatin 
pl asma expander ( Haemacce l®, Behring , Mannhe im , BRD ) . 
Only for series I I  unmixed donor blood was used . The 
volume s required to pr ime the various components o f  
the extracorporeal circuits are l i sted below :  

- 1 7  -



ECC component 
PVC tubing sytem , inc luding 
S i l ica free s i l icone rubber 
S i licone rubber ( SR) tubing 
Centri fugal pump 

priming 
heat exchanger 
( SFSR) tubing syst . 
sys tem 

Temptrol bubble oxygenator QllO 
Teflo membrane oxygenator ( TMO ) 
Kolobow MO 

( BO )  

Suct ion system 

volume 
2 1 
1 1 
1 1 
0 . 1  1 
1 1 
0 . 4  1 
0 . 4  1 
0 1 

According to this scheme the fol lowing amounts of 
priming fluid we re used in the 1 1  consecutive series 
of exper iments : 

ratio biood : 
exEeriment Eriming volume Elasma exEander 
series I 2 1 1 1 
series I I  1 1 1 
series I I I  1 1 1 1 
series IV 1 1 1 1 
series v 1 . 1  1 1 1 
series VI 3 1 1 1 
series VI I 2 . 4  1 1 1 
serie s VI I I  1 .  4 1 1 1 
series I X  1 .  4 1 1 1 
series x 2 . 4  1 2 1 
series XI 2 . 4  1 1 1 

Circuits were pr imed under aseptic conditions 
according to standard procedure s .  The fluids were 
allowed to circulate for 15 mins be fore connect ion o f  
the c ircuit t o  the dog in order t o  remove any remain
ing air and to reach a constant temperature . When an 
oxygenator was interconnected in the c ircuit , a 2 
l /min gas mixture of air with 5 % co2 was added . 

According to the manu facturer ' s  ins tructions the 
Kolobow MO was primed after flushing with pure co2 to 
rep lace a l l  the air ( Kolobow et al . ,  1 9 7 7 ; 1 9 7 8 ) . 

Immediately a fter the termination o f  ECC so much 
blood present in the extracorporeal circuit was 
returned to the animal to compensate for blood loss 
during the experiment ( s ample s ,  hemodi lution , bleed
ing t ime measurement s ,  blood loss during surgery ) . 

During the day of the experiment ( 0 - 2 4 0  mins ) the 
s tated results of cellular counts , hemoglobin , plasma 
hemog lobin , and fibrinogen are independent of hemo
dilution because of correction for changes in the 
hematocrit . 
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2 . 2 . 5 .  Operation technique 

After anesthes ia had been induced , the dog was 
placed on the operating table in a dor sal posit ion . 
ECG needle electrodes were placed subcutaneously in 
the lead I I  pos i  tion . The urine bladder was cannu
lated with a Sterimed type CH 1 0  ( Saarbrücken , BRD) 
catheter and connected with a urometer ( Curity 
Kendall Hospital Prod . D iv . , USA) . An El lab ( Kopen
hagen , Denmark) thermometer wa s placed rectally . The 
left femoral artery and ve in were prepared . The 
artery was cannulated wi th an E-Z catheter (EZ  no . 
2 2 3 4  Deseret Pharm . Company , USA) and connected with 
a pres sure transducer ( S tatham , P 2 3  Db , Ha to Rey , 
USA) ; the systemic arte rial pres sure ( SAP ) wás 
registrated on a chart recorder ( Hewlett- Packard 
S anborn , USA) . The arterial l ine was also used for 
taking blood samples . In the left femoral vein a 
teflon catheter ( type 1 9 1 4  R ,  C . R .  Bard I nt . , Sunder
land , UK ) was inserted and connected with the S anborn 
recorder via a pres sure transducer ( Statham P 23 BB) 
to measure the centra! veneus pres sure (CVP ) . 

The r ight j ugular vein and the r ight femoral artery 
and vein were prepared for c annulat ion to connect the 
extracorporeal c ircuit . Via the veins cannulae 
( Portex arterial cannula , Hythe Kent , UK , interna l 

d iameter s ix or seven mm) were advanced to the 
superior and inferior cava ! veins . The r ight femoral 
artery was cannulated with an USCI arterial catheter 
( no 1 8 5 8-S ,  1 4  F-2 0  F ,  USCI , NJ , USA) . 

When cardiotomy suction was included in the experi
ments ( series X and X I )  , thoracotomy wa s per formed 
through the f i fth right intercostal space . A rib 
retractor was used to expose the heart and main 
vessel s . The azygos vein was l igated . The pericardium 
was opened and fixated in such a way that a wel! for 
suction of b lood was created . After bath cava! ve ins 
had been snared; the heart was fibril lated and the 
right atrium and , via a puncture in the septum , the 
left atr ium were opened . During a period of one hour 
the coronary blood was aspirated from the pericardial 
wel! . After termination of the cardiotomy suction 
period the inc i s ion in the r ight atrium was closed , 
bath cava! veins were opened and the heart was 
defibr i l lated . Finally the pericardium and the thorax 
were closed in the usual way . 

2 . 3 .  VARIABLES OF THE EXTRACORPOREAL CIRCUIT 

2 .  3 . 1 .  Tubing 

2 . 3 . 1 . 1 .  Po lyvinylchloride ( PVC ) tubing 
S tandard PVC tubing systems as shown in figure 

2 . 5 . 1 .  were used . The connection between this tubing 
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system and the cannulae in the dog wa s made by PVC 
tubing ( 1 4 5  cm , 0 internally 9 . 5  mm ;  wa ll  thicknes s  
1 . 6  mm ,  Talas , Zwol le , Nether land s )  and PVC connec
tors ( Bentley , S anta Ana , USA) . 
2 . 3 . 1 . 2 .  Silicone rubber ( SR) tubing 

Standard Sucrasil® silicone rubber tubing systems 
as pictured in figure 2 . 5 . 2 .  we re kindly supplied by 
Rhone-Poulenc , Paris , France . The venous pump insert 
is a thin ly wal led tube (0 internally 1 9  mm , wa ll 
thickness 2 . 9  mm) which progres sive ly col lapses with 
decrea sing in let blood pres sure . For po si tive in let 
blood pre ssures t.he tubes are circularly shaped to 
allow maximal blood flow . Collapsing occurs at inlet 
pres sures of - 5 0  mm Hg . The arterial pump insert is 
e l lipsoid in cross-section ; it col lapses at zero 
pres sure and it only al lows blood flows for positive 
inlet pres sures when i t has a circular shape . This 
standard system was connected wi th the arteria l and 
venous cannulae with the same length of medical grade 
silicone rubber tubing (0 inte rnally 9 .  5 mm; wal l  
thickne ss  2 .  9 mm)  as for the in 2 .  3 . 1 .  1 .  described 
PVC tubing . 
2 . 3 . 1 . 3 .  Silica free silicone rubber ( SFSR) tubing 

This tubing system is identical in shape and length 
with the SR tubing described in 2 .  3 . 1 .  2 .  The only 
difference is that all internal sur faces are covered 
with a silica free silicone coating . This coating , 
which is firmly attached tq,0the tubing materia l by 
means of cross linking with Co radiation , exposes a 
very smooth surface to the blood . 

2 . 3 . 2 .  Blood pumps 

2 . 3 . 2 . 1 .  Ro l ler pump 
Double head roller pumps ( type Modul pump , Dreis

sen , Hellevoets luis , Netherlands)  were applied . 
Rotors were put in an almost occlusive position . 
2 . 3 . 2 . 2 .  Rotor pump 

The RP03 blood pump ( Rhêne -Poulenc , Paris , France)  
po ssesses a double rotor with three rollers at 1 2 0 ° 
each , but no stater . Occ lusion of the pump in sert is 
not obtained by crushing the tubing , but by a moving 
fold under predetermined low tension . The de sign of 
the tubing is such that entire occlusion does not 
occur . The rotor pump operates slowly at maximally 5 0  
rpm . We have used a prototype kindly provided by 
Rhêne-Poulenc . 
2 . 3 . 2 . 3 .  Centrifugal pump 

A prototype centrifugal blood pump wa s manu factured 
by Medtronic , USA . It is a compact design for 
de livering blood flow rates up to 1 0  l /min without 
occ luding sur faces . The rotor , the only moving part , 
is driven by a motor outside the pump chamber by 
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means o f  a magnetic coupl ing . The pump provides a 
constant pres sure rathe r than a cons tant flow . 

2 . 3 . 3 .  Oxygenators 

2 . 3 . 3 . 1 .  Bubble oxygenator ( BO )  
A s  a bubble oxygenator the Temptrol di spo sable 

infant s i zed oxygenator Q 1 1 0  (Bently laboratories , 
Ine . , I rvine , California , USA) was used . Adequate 
oxygenation of blood was obtained with a mixture o f  
oxygen and carbon dioxyde a t  a gas flow rate of 
five l /min ( o2 : co2 

= 9 5 : 5 ) . 
2 . 3 . 3 . 2 .  Te flo rnembrane oxygenator ( TMO) 

The Travenol Modulung-Te flo membrane oxygenator 
( Travenol Lab . I nt . , Deerfield , I l l . , USA) is a 

di sposable oxygenator containing 2 .  25  m2  of micro
porous Teflon membrane with plastic screen b lood path 
spacers . The device i s  provided wi th an inflatable 
shim which was operated at a pre s sure of 2 0 0  mg Hg . A 
gas flow o f  five ! /min wa s used ( 02:co2 = 9 5 : 5 ) . 
2 . 3 . 3 . 3 .  Kolobow MO 

The Kolobow spiral coil membrane lung ( type 2 5 0 0  -
3B , Sci-Med L i fe Systems , I ne . , Minneapo l i s , Minn . , 
USA) cons ists o f  2 . 5  m2  o f  silicone rubber membrane s ,  
homogeneously coated wi th silica free s i l icone 
rubber . This b lood contacting toplayer of SFSR was 
reinforced wi th immersed polye ster kni t fabric 
( Kolobow et al , 1 9 7 4 ) . As an enve lope with a plastic 
spacer screen inside , it is spira lly wound around a 
polycarbonate spool and encased by a silicone rubber 
s leeve . To oxygenate the blood a gas flow rate of 
five l /min was used ( 02 : co2 = 9 5 : 5 ) . 

2 . 3 . 4 .  Cardiotomy suction 

2 . 3 . 4 . 1 .  High vacuum suction 
Cardiotomy suction acts as a vigorou s blood-to-air 

contac t .  S tandardization was achieved by defin ing the 
commonly used cardiotomy suction at the ratio of 4 0 0  
ml /min o f  blood : 1 0 0 0  ml/min o f  air , measured with a 
purgemeter (Brooks-Mite DSE 2 0 0 0 , Hatfield , UK ) . Th is  
mode o f  suction wil l  be re ferred to  as high vacuurn 
( or uncontrolled ) suction . 
2 . 3 . 4 . 2 . Control led suct ion 

Adaption of cardiotomy suction wa s reached by a 
suction sys tem deve loped by Arts et a l . ( 1 9 7 6 )  from 
the Department of Biomedical Engineering , Eindhoven 
University of Technology , Netherlands . In thi s  
controlled suction system air suction is  virtually 
eliminated ( ratio 4 0 0  : 0 ) . I t  includes a sensor and 
an electronic regulator contro l l ing the pump speed . 
The sensor , mounted on the sucker tip , consists of 2 
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Figure 2 . 3 . 4 . 2 . 1 .  Principle of the sensor for con
trol led cardiotomy suction 

high 
frequency 
tension 

F igure 2 . 3 . 4 . 2 . 2 .  Electric 
sys tem 

circuit of the sensor 

titanium rods which are coated with t itanium oxide 
( figure 2 .  3 .  4 .  2 . 1 . )  • Titanium oxide is an e lectric 
i solator and acts as a die lectric between the tita
nium rods and the bloed ( both conductors ) .  So capac i
tors are formed at both rods . Figure 2 . 3 . 4 . 2 . 2 .  gives 
the e lectric circuit of the sensor . 

The value of the res i s tance ( R )  and the values of 
the capacitors (C)  are dependent on the bloed leve l . 
I n  formula : 

- 1  R = P1 • h 
C = p 2 • h ( h  = bloed level ; p 1 , p2 = constants )  

By supplying a high frequency voltage to the rods 
with a frequency cons iderably higher than the cut off 
frequency of the device the influence o f  the 

fc = 
1 

2 IT RC 

capacitor can be neglected . The current through the 
circuit is l inearly dependent on the actual bloed 
level . This s ignal serves as input for the regulating 
device , attuned to the specific aims of card iotomy 
suct ion . The suction pump i s  driven by this  regu-
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lating device ( Medica! S c ientific Application , Den 
Bosch , Netherland s ) , which prevents suction of air by 
maintaining the b lood leve l in the per icardial wel l  
above the opening i n  the sucker t ip . 

regulatlng 
.--------t device 

F igure 2 . 3 . 4 . 2 . 3 .  Schematic presentation of the con
trolled suct ion system 

2 . 4 .  EXPERIMENTAL SERIES 

Table 2 .  4 .  lists the series of experiments per
formed . Variables in the extracorporeal circuit are 
the tubing ( polyvinylchloride ( PVC ) , s i l ica free 
s i l icone rubber ( SFSR) or s i l icone rubber (SR) ) ,  the 
type of pump ( rol ler pump , rotor pump or centri fugal 
pump ) , the oxygenator ( bubb le oxygenator (BO) , Teflo 
membrane oxygenator ( TMO ) or Kolobow membrane oxygen
ator ( Kolobow MO ) )  , and the suction ( contro lled or 
high vacuum suction ) . More deta i l s  are given in 
chapter 2 . 3 .  
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Series 

I -

I I  -

I I I  -

IV -

v -

VI -

VII -

VI I I  -

IX -

x -

XI -

Tubing Pump Oxygenator Suction 

Chapter 3 Chapter 4 Chapter 5 Chapter 6 

PVC + roller pump 

SFSR + rotor pump 

SR + rotor pump 

SFSR + roller pump 

SFSR + centri fugal pump 

PVC + roller pump + BO 

PVC + roller pump + TMO 

SFSR + rotor pump + TMO 

PVC + rotor pump + Kolobow MO 

PVC + roller pump + TMO + controlled suction 

PVC + roller pump + TMO + high vacuum suction 

Table 2 . 4 .  Series of exper iments performed 

""" 
N 



2 . 5 .  EXPERIMENTAL SETUP 

I n  all  expe riments the arterial line contained an 
electromagnetic flow probe ( emf) ( Trans flow 6 0 0  
flowrneter , Skalar , Del ft , Netherland s )  to measure the 
blood flow through the ECC . This nonpulsatile flow 
was kept as closely as pos s ible to 1 0 0  ml /min /kg and 
monitored on the S anborn recorder . Such flow rates of 
about 3 0 0 0  ml /min are e ffective for total cardiopul
monary bypass in dogs . 

The polyvinylchloride ( PVC ) tubing system i s  a 
standard commercially ava i lable c ircuit ( Travenol , 
Morton Grove , I ll . , USA) to be used in conj unction 
with the TMO membrane oxygenator . This set consists 
o f  4 7 0  cm of PVC tubing ( 0  interna lly 1 2 . 7  or 9 . 5  mm) 
and two pump inserts made of s i l icone rubber with a 
length of 4 5  cm each (0 1 2 . 7  mm) , venous and arterial 
reservoirs and a heat exchanger (Miniprime , Travenol )  
interconnected i n  the ci rcuit to regulate blood 
temperature . The recirculation l ine , inc luded in the 
system for priming purposes , was clamped during 
extracorporeal circulation . Lengths and diameters o f  
thi s  standard system are given in the box of the 
schema tic repre sentation of the total setup ( figure 
2 . 5 . 1 . ) . 

The described Travenol c ircuit wa s app lied in all  
experiments in wh ich PVC tubing wa s incorporated 
( series I ,  VI , VII , X and XI ) . The connect ion between 
the arte rial and venous cannulae and this tubing 
system has been described in 2 . 3 . 1 . 1 .  

V.jug. 
100 0 9.5 

2 5 0  9.5 

v. fem . d .  
1 0  e 9.5 

4 5 0 9. 5  

roller pump 

20 D 9 . 5  

e m f  

45 r ... 
•s a 9.5 : 

v. fem.s. 

01 = 
3000 
ml / min. 

145 D 9.5 

roller 
pump 

• 12 .7 L..""" ... "" ........... """.""" ....... : 4 5 0 1 2.7 

F igure 2 . 5 . 1 .  S chematic repre sentation of the experi
mental setup for the polyvinylchlor ide ( PVC ) tub ing 
experiments ( series I ) . An electromagnetic flow probe 
( emf)  control s  the flow through the circuit of which 
length ( in cm) and internal diameter ( in mm) for the 
various parts are given . The c ircuit within the box 
repre sents the standard Travenol PVC tubing sys tem . 
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The standard s i l ica free s i licone rubber ( SFSR) and 
the geometrically ident ical s i licone rubber ( SR) 
tubing systems ( length 7 1 5  cm , (/) internal ly 9 .  5 mm 
and 2 5 . 4  mm for the pump inserts ) ,  used in the series 
II , I I I , IV , V, VIII , and IX , have been described in 
2 .  3 . 1 .  2 .  and 2 .  3 . 1 .  3 .  • The connection l ines to the 
cannulae were of the same SFSR or SR material as the 
respective tubing sys tems . In the standard circuits 
parts of the arterial and veneus l ines conta ined 
built-in heating wire s , which were powered by a 6 V ,  
1 2  A electric supply . As in the PVC c ircuit an 
e lectromagnetic flow probe in the arterial l ine 
measured the bloed flow ( 3 0 0 0  ml/IT)in ) through the 
extracorporea l  circuit . F igure 2 . 5 . 2 .  shows the 
schematic repre sentat ion of thi s  setup . 

100 D 9.5 

250 9 . 5 

222 • 9. 5  

l:====:S 6V.12A i===• 

heatlng 
nn·e 

142• 11.5 

heatlng 
l ine 

6 5 •  25.4 l rotor pump rotor pump 

v. fem. s. 

3000 
ml I mln . 

222•9.5 

65 •2.5.4 

F igure 2 . 5 . 2 .  Schematic repre sentation of the experi
mental setup for the s i l ica free s i licone rubber 
( SFSR) and s i licone rubber ( SR) tubing systems 
( series I I , I I I ) . An e lectromagnetic flow probe ( emf)  
controls the flow through the circuit , o f  which 
length ( in cm) and internal diameter ( in mm) for the 
various parts are given . 

In  the centri fugal pump series ( series V) an 
otherwise identical SFSR circuit was connected to the 
centr i fugal pump ( see 2 .  3 .  2 .  3 . )  ins tead of to the 
roller pump or the rotor pump . The pump wa s inter
connected in the ci rcuit half way between both pump 
inserts ( see figure 2 . 5 . 3 . ) . 
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v. j ug. d. v. fem.d. v. fem. s. 

e m f  C1 = 

-----_.L--��c:_l�c:_'!_l�!I!'!' 3000 
""'f" ml / m in . 

___ "ev,12A __ _ 
heatlng 
line 

heating 
l ine 

F igure 2 . 5 . 3 .  Schematic representat ion of the experi
mental setup for the centri fugal pump series ( series 
V) . See for legends figure 2 . 5 . 2 .  

I n  series VI I a membrane oxygenator was incorpo
rated in the standard PVC tubing system of figure 
2 . 5 . 1 .  Thi s  s iuation is presented in figure 2 . 5 . 4 .  

v. jug. d. v. fem.d . 

e m f  

- - - - - - - - -�- - - - - - - - - -

roller pump 

. . 
'················································· 

a . fem .d . 

01 :  
3000 
ml/min. 

roller 
pump 

Figure 2 . 5 . 4 .  Schematic repre sentat ion of the experi
mental setup for a membrane oxygenator ( TMO ) in the 
standard PVC tubing system . See for further legends 
figure 2 .  5 . 1 .  

Bath in series VI I I  and IX a membrane oxygenator 
was interconnected in the SFSR tubing sys tem ( figure 
2 . 5 . 2 . ) . F igure 2 . 5 . 5 .  shows the schematic represen
tation of this setup . 
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v. jug . d. 

rotor 
pump 

v. fem .d . 

emf 

- - - - - - - - - 1-- - - - - - - -

____ " 6 V , 1 2 A  __ _ 
heatlng 
line 

healing 
l ine 

i ....... " ..... ·-··-····················-= 

a . fem. d. 

3000 
ml  / mln .  

rotor 
pump 

Figure 2 . 5 . 5 .  Schematic repre sentation 
exper imental setup for a membrane oxygenator 
SFSR tubing sys tem . See for further legends 
2 . 5 . 2 .  

of the 
(MO )  in 

figure 

F igure 2 . 5 . 6 .  repre sents the situation of series VI 
in which a bubble oxygenator ( BO)  was used . For 
reasons of comparison the standard Travenol PVC 
tub ing system for the membrane oxygenators was 
employed . In th i s  open to air ECC sys tem a third 
roller pump had to be placed after the BO to overcome 
the pres sure of the arterial reservoir . 

v. Jug . d. v. fem.d . 

emf 

- - - - - - - - --f- - - - - - - - -

a r t .  
res. 

rol ler pump 

: ....... " ................................... " .. : 

a . fem .d . 

01 = 
3000 
ml I min .  

rol ler 
pump 

Fi�ure 2 . 5 . 6 .  Schematic repre sentation of experi
mental setup for a bubble oxygenator (BO) in the 
standard PVC tubing system ( series VI ) . After the BO 
a third roller pump is interconnected to overcome the 
pres sure of the arterial reservoir . See figure 2 . 5 . 1 .  
for further legends . 

I n  the cardiotomy suction series X and XI the setup 
of the MO with the PVC tubing system ( figure 2 . 5 . 4 . )  
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was extended with the suction device ( see paragraphs 
2 . 4 . 4 . 1 .  and 2 . 4 . 4 . 2 . )  in combination with a cardio
tomy reservoir ( Bentley disposable cardiotomy reser
voir Q 1 2 0 , I rvine , Cali fornia , USA) . This  setup i s  
represented i n  figure 2 . 5 . 7 .  

v. jug.d. v. fem. d. 

roller pump 

r .. 
:. .. "."""" .. """ ..... " ... "" .... " ...... : 

a. fem. d. 

e m f  
G1 , 

3000 
mltmln. 

roller 
pump 

Figure 2 . 5 . 7 .  Schematic repre sentation of the experi
mental setup for a membrane oxygenator (MO) in the 
PVC tubing system wi th a cardiotomy suction system 
( series X and XI ) . 

2 . 6 .  EXPERIMENTAL PROTOCOL 

1 .  o . o o 

2 .  

3 .  0 . 1 0  

4 .  0 . 2 0 
5 .  

6 .  
7 .  0 . 3 0 
8 .  0 . 5 0  
9 .  0 . 5 5 

1 0 . 1 .  0 0  
ll . 
1 2 . 1 . 1 0 

venepuncture blood sample preopera
ti ve I 
premedication by 
j ection of 50 mg 
chloride and 0 . 5 
phate 

intramuscular in
pethidine hydro

mg atropine sul-

induction of ane sthe sia with 3 0  
mg /kg BW pentothiobarbital sodium 
intubation 
continuation of anesthe sia with flu
othane 0 . 5  % in N 2o 4 l /min and o2 2 l /min 
bleeding time test 
preparation of arteries and venes 
s amp le ACT 1 (preoperative) 
hepariniz ation 1 0 0  IU/kg BW intra
venously 
sample ACT 2 
heparinization 1 0 0  IU/kg BW 
samp le ACT 3 
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1 3 . 

1 4 . 
1 5 . 

1 6 .  

1 7 .  

1 8 . 
1 9 . 
2 0 . 
2 1 . 
2 2 .  
2 3 . 
2 4 . 

2 5 . 
2 6 . 
2 7 . 

2 8 . 

2 9 . 
3 0 .  
3 1 . 
3 2 .  
3 3 . 
3 4 . 
3 5 . 
3 6 .  
3 7 . 
3 8 . 
3 9 . 
4 0 . 
4 1 . 
4 2 .  
4 3 . 
4 4 . 

1 .  2 0  
1 .  3 0  

1 .  5 5  

2 . 0 0 

2 . 0 5 
2 . 1 5 
2 . 3 0 
3 . 0 0 

4 . 0 0 

4 . 1 0 

4 . 2 0 
4 . 3 0 
5 . 0 0 
6 . 0 0 

6 . 15 
1 day p . o .  
2 day p . o .  
3 day p . o .  
4 day p . o .  
5 day p . o .  
6 day p . o .  
7 day p . o .  
1 4  day p . o .  
2 1  day p . o .  

additional hepariniz at ion i f  neces
sary 
cannu lation of arteries and venes 
connection of primed extracorporeal 
c ircuit and cal ibrations ( flow 
probe , SAP , CVP ) 
sample ACT 4 ,  admini stration of hep
arin 
bloed sample preoperat ive II = sam
ple 0 mins 
samp le of priming .fluid 
start of ECC 
bloed samp le 5 mins 
bloed sample 15 mins 
bloed sample 30 mins 
bloed s ample 60 mins 
bloed samp le ACT 5 ,  admini strat ion 
of heparin 
bloed samp le 1 2 0  mins 
bloed sample ACT 6 
end of ECC , return of calcu lated 
amount of bloed from extracorporeal 
circuit into the animal 
intraveneus admini stration of prot
amine hydrochloride 
bloed sample ACT 7 
bloed sample 1 5 0  mins 
bloed sample 1 8 0  mins 
bloed sample 2 4 0  mins 
bloed sample ACT 8 
bleeding time test 
termination of ane sthe sia 
bloed sample day 1 
bloed sample day 2 
bloed sample day 3 
bloed samp le day 4 
bloed sample day 5 
bloed sample day 6 
bloed sample day 7 
bloed samp le day 1 4  
bloed samp le day 2 1  

I n  the cardiotomy suction series X and XI thoracot
omy was performed , whereas in the ether series a 
closed che st cardiopulmonary bypass was employed . 
Suct ion was instituted after 3 0  mins of ECC for a 
period of one hour within the total bypass period of 
two hours and additional samples were taken at 3 5  and 
4 5  mins . The thorax wa s closed during the last 3 0  
mins be fore the end o f  ECC . 

Bloed samples were taken at the indicated moments 
to perform the following assays : 
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E; 
tt:t 

PI 
l.Q 
•.Q 
t"I 
CD 

::l ::l l.Q 
� � PI 
a ::l a rt 
O' � O' 1-'· 
CD a CD 0 
t"I O' t"I ::l 'O 

CD 1-' > 
0 t"I 0 0 PI tt:t 
Hl Hl Hl en >-3 

0 O' a >-3 
rt Hl CD rt 1-' PI 
::J° t"I ::J° CD 
t"I 1-' '< t"I CD ::J° ::J° ::J° Hl tt:t 
0 CD rt 0 p. CD CD CD 1-'· >-3 

& � ::J° a 1-'· a a a O' " 
"" t"I O' ::l PI 0 0 t"I 

0 0 0 0 l.Q rt l.Q l.Q 1-'· � () () () () 0 1-' 1-' ::l >-3 '< '< '< '< rt () 0 0 0 " 
rt rt rt rt 1-'· t"I O' O' tl.l l.Q 
CD CD CD CD a 1-'· 1-'· 1-'· � CD >-3 
en en en en CD rt ::l ::l t>:I ::l >-3 

preoperative I x x x x x x x 
preoperative I I  x x x x x x x x x x x 
priming fluid x x x x x x 
ECC mins 5 x x x x x x 1 1 5  x x x x x x x 

3 0 1 x x x x x x 
3 5 1 x x x x x x 
4 5  x x x x x x 
6 0  x x x x x x 

1 2 0  x x x x x x x x x x 
recovery period 1 5 0  x x x x x x 

1 8 0  x x x x x x 
2 4 0  x x x x x x x x x x x 

days 1 x x x x x x x x x x x 
2 x x x x x x x x x x 
3 x x x x x x x x x 
4 x x x x x x x x 
5 x x x x x x x x 
6 x x x x x x x x 
7 x x x x x x x x x x x 

1 4  x x x x x x x 
2 1  x x x x x x x 

Table 2 .  6 .  T ime scheme of the hemato logical assays . 

1 for the cardiotomy suct ion series only 
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2 . 7 .  LABORATORY METHODS 

All blood samples were col lected in di spo sable 
syringes ; for venepunctures s i l iconized disposable 
need les 0 . 9  x 40 mm were used . The blood samples were 
kept in plastic tubes covered with Para film . 

Blood for cell count s ,  hemoglobin and hematocri t 
measurements was immediately anticoagulated with 
disodium edetate , available in a ratio of 6 mg to 2 . 5  
ml of blood in seque strene cups . B lood for thrombo
cyte aggregation and fibrin forrnation studies was 
mixed with 0 . 1  volume of 3 . 0 8 % w/ v tri sodium c itrate 
dihydrate in plastic tubes covered with Parafilrn . 

P latelet poor plasma (ppp) was prepared in a 
Heraeu s Chri st type 1 7 3 0  centri fuge (Osterode arn 
Harz , FRG )  at 2 0 0 0  x g ( 3 0 0 0  rprn)  for 1 0  rninutes . 
P latelet rich plasma ( prp) was prepared at 2 5 0  x g 
( 1 0 0 0  rpm) for 1 0  rninute s .  

All assays were per forrned immediately except for 
the tests on fibrin formation and plasma hemoglobin . 
P lasma for the se tests was frezen and stored at - 2 0 °C 
and assayed s imu ltaneously at a later date . 

2 . 7 . 1 .  Number of thrombocytes , leukocytes and eryth
rocytes 

2 . 7 . 1 . 1 .  Technique 
Thrombocyte s ,  leukocytes and erythrocytes were 

counted in duplo with an electronic part icle counter 
( Cou lter Counter ,  Type Fn , Coulter E lectronics Ltd . , 
Dun stable , UK ) cal ibrated for canine blood cel l s . 
I soton® was used for di lution . The average of the two 
counts (maximal al lowed di fference 3 % )  was taken as 
the va lue of the sample . The values are expre ssed as 
percentage s of the initial value . 
2 . 7 . 1 . 2 .  Control of the electronic particle counting: 

microscopie counting versus e lectronic 
counting of thrombocytes 

By determining the corre lation between e lectronic 
part icle counting and phase contrast microscopy 
counting according to Feis sly and Lüd in ( 1 9 4 9 )  thi s  
cal ibration was checked a t  regu lar intervals . An 
examp le of the corre lat ion between bath methods o f  
thrombocyte count ing ( r 2  = 0 . 9 9 3 )  i s  given in figure 
2 . 7 . 1 . 2 .  
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�80 
� number of thrombocytes 
Cl> x 1 09 / I 
� 
Cl> -c 
5 so u 
Cl> 
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-
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.� 40 
c 
� -u Cl> 
Cl> 
20 pcm : 1.03 epc_0.11 

n : 9 
r2: 0.993 

0 1L.�-'--� ......... �-'-�-'-�--L-� ..... �-'-�---J.� 

Figure 2 . 7 . 1 . 2 .  

0 20 40 60 80 
phase contrast microscopy ( p cm) 

Corre lat ion between phase 
microscopie counting (pcm) 
tronie particle counting 
thrombocytes . 

2 . 7 . 2 .  Function o f  thrombocytes 

2 . 7 . 2 . 1 .  Technique 

contrast 
and elec
( epc ) of 

To assess the function of the thrombocytes platelet 
aggregation wa s performed according to the method of 
Born ( 1 9 6 2 , 1 9 6 3 )  us ing a modi fied Vitatron UC 2 0 0  
(Dieren , Netherlands ) spectrophotometer connected to 
a Vitraton un iversa! l in / log UR 3 0 0  recorder . Aggre
gation was induce��y ADP in a f ina l concentration of 
5 µ g/ml ( 1 . 2  x 10  M) . Thi s  amount of ADP i s  higher 
th�g the final concentration of 0 . 8 - 1 . 2  µ g/ml ( 2- 3 x 
1 0  M )  to whi ch human prp samples are normally 
exposed ( Blake ly , 1 9 7 2 ; Grabowski et al . ,  1 9 7 6 ) . The 
tests were carried out at room temperature . Thrombo
cyte function was expres sed by the maxima ! optica! 
density loss ( ODmax) as indicated in figure 2 . 7 . 2 . 1 . , 
as a percentage of the preoperative value . The se 
related percentages of ODmax yield the same results 
as the cotangent o f  the ini tial s lope ( cotg a ) , also 
expre s sed as a percentage o f  the preoperative va lue . 
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,.. -
ïii c Cll "tl 
iii 
.!::! 
Q. 0 

50 

ADP i nduced platelet a99re9ation: pa rameters 

OD max 

2 4 6 8 t ime (mins) 12 

1.0 ml prp+ 0.2 mt ADP 30 f91ml 
F igure 2 . 7 . 2 . 1 .  Parameters of ADP induced thrombocyte 

aggregation 

2 . 7 . 2 . 2  Thrombocyte number versus function nomogram 
Laboratory procedures for measuring ADP aggregation 

curve s under standardi zed conditions of thrombocyte 
numbers involve manipulations to concentrate or to 
di lute the prp samples in attempts to equalize 
numbers . S ince every manipulation may result in  
damage to the thrombocyte s ,  a different approach has 
been chosen to correct differences in thrombocyte 
numbers . lts  principle is correction by calculation 
afterwards rather than correction by concentration or 
d i lution of the prp . 

100 
� y:1. 231 1 +1.04 : 

n =  45 
"' r2 = 0.92 "' 
..2 
� n= 47 ïii c 50 r� 0.89 Cll "tl 
iii and cot9 1 r  : .!::! 
Q. y :1.22 cr 0 
.ë .,, 
E 0 80 100 120 0 20 40 60 

number of thrombocytes x109 I 1 

F igure 2 . 7 . 2 . 2 .  The thrombocyte function nomogram 

In serial di lutions of prp from normal dogs throm
bocyte aggregations were determined and ODmax and 
cotg a,  expres sed as proportions of the ir predilution 
va lue s , we re plotted against the corre sponding 
numbers of thrombocyte s .  · This  nomogram ( figure 
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2 .  7 .  2 .  2 . )  con s i sts o f  two c losely placed parallel 
st9aight l ines for thrombocyte counts under 82  x 
1 0  / 1 . S ince for practical purposes the two l ines 
virtually coincide , they can be shown as one straight 
line . Thus , for low thrombocyte concentrations there 
is a l inear relationship between thrombocyte numbers 
and functions . I t  is 9 also seen that for concentra
tions of over 8 2  x 1 0  / 1 ,  the aggregation parameters 
are not influenced by increas ing numbers . Thus this 
nomogram makes it po s s ible to compare aggregat ion 
curves with d i fferent thrombocyte concentrations 
without any manipulation . S imi lar experiments were 
performed by Levine ( 1 9 7 6 ) , who measured the effect 
of thrombocytopenia on the determination of platelet 
aggregation in men . He found that the aggregatión 
induced by ADP was reproducible at decreasi�g plate
let counts until  numbers as low as 50 x 10 / 1 ,  thus 
confirming the principle of the nomogram . 

2 . 7 . 3 .  B leeding t ime 

Primary bleeding times were determined in dup l icate 
in the upper hindleg of the dog according to the 
method of Borchgrevink et al . ( 1 9 5 8 ) . The incis ions 
had a length of 1 0  mm and a depth of 2 . 5 - 3  mm . 

2 . 7 . 4 .  Hematocrit , hemoglobin and plasma hemoglobin 

Hematocrit values were determined with a high speed 
hematocrit centri fuge us ing heparinized hematocrit 
cap i l l aries . 

Hemog lobin level s  were determined by converting red 
cell hemoglob in into cyanmethemoglobin with Z apo
globin®, measuring the optical dens ity of the solu
tion at 5 4 0  µ m  us ing a Vitatron universal photometer 
( D ieren , Netherlands ) and comparing it to a known 
standard (van Kampen et al . ,  1 9 6 1 ) . Hemoglobin 
concentrations a�e given in mmol / l  bloed . 

P lasma hemoglobin concentrations (µmol/ l )  were 
measured by means of the peroxide-method described by 
Lee Kum Tatt et al . ( 1 9 6 9 ) . 

The hematocrit values ( 0 - 2 4 0  min s )  have been used 
to correct results of cell  count s ,  hemoglobin , plasma 
hemoglobin , and fibrinogen , thus rendering these 
parameters independent of hemodi lution during the day 
of the experiment . 

2 . 7 . 5 .  F ibrin formation 

F ibrinogen leve l s  were determined according to the 
method of Lec lerc and Khodabandeh ( 1 9 5 3 ) , prothrombin 
t imes ( PTT) according to Quick ( 1 9 6 6 ) , activated 
partial tromboplastin times (APTT ) according to 
Proctor and Rapaport ( 1 9 6 1 ) , thrombin time s ( TT )  
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according to Vermi j len and Verstraete ( 1 9 6 1 ) , and 
reptilase time s { RT )  according to Soria et al . 
( 1 9 6 9 ) . PT , APTT , RT , and TT tests were per formed on 
a Dual channe l coagu lometer { C lottimer , Model 2 0 2A ,  
Mechrolab , Santa Rosa , Cal . , USA) . 

2 . 7 . 6 .  Sedimentation rate of the erythrocytes { SRE ) 

The sedimentation 
asses sed according 
( 1 9 2 4 ) . 

rate of 
to the 

2 . 7 . 7 .  Body temperature 

the erythrocytes was 
method of Westergren 

Body temperature was measured rectal ly while wi th 
an El lab (Kopenhagen , Denmark ) thermometer dur ing 
the day of the experiment , while during the fol lowing 
days conventional mercury thermometers were used . 

2 . 7 . 8 .  Normal hematological values in dogs 

Norrnal hernatological values were ca lculated in 3 0  
healthy nontreated dogs using the described methods . 
The resulting mean values are given in table 2 . 7 . 8 .  
together wi th the ir standard deviation . Comparative 
values are given frorn the work of Bruck ( 1 9 7 7 ) , 
Spurl ing ( 1 9 7 7 ) , Grabowski et al . ( 1 9 7 7 ) , Schalm et 
al . ( 1 9 7 5 ) , Schermer ( 1 9 6 7 ) , and Melby et al . ( 1 9 7 6 ) . 

For all parameters the values of the mean ± 1  sd are 
cons idered to form the normal range to wh ich the dogs 
had to corre spond at the time of the hemato logical 
examination be fore the experiment . Exc lus ion from the 
exper iments fo l lowed i f  blood cell counts , thrombo
cyte function , bleeding time or SRE were not within 
this norma l range . 

2 . 8 .  STATISTICAL ANALYS I S  

Data collection was performed by means o f  the WESP 
stat istical package (van der Week , 1 9 7 7 )  on a CDC 
Cyber 6 6 0 0  computer . Statistical analys is  of the 
results inc luded the Student-t te st for two means and 
the paired S tudent-t test . P va lue s � 0 .  0 5  were 
cons idered to be stati stically significant . 
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Groningen 

parameter dimension mean range Spurling Grabowsk i  Schalm Schermer Melby Bruck 

number of thrombocytee 1 09 1 1  2 1 4  151-277  2 4 0-3 8 2  200-340 2 0 0-500 165-378 265-3 19 200-500 

number o f  leukocytee 1 09 1 1  1 0  6 . 5- 1 3 . 5  5-18  1 1 . 6- 1 7 . 6  6 - 1 7  7 - 1 1 . 4  9 - 1 4  6 - 1 7  

number o f  erythrocytes 1 0 1 2 1 1  5 . 85 4 . 9 7-6 . 73 4 . 25-8 . 5  - 5 . 5-8 . 5  5 . 5 8-6 . 7 7  5 . 8-7 . 6  5 . 5-8 . 5  

ODmax ' 5 2  35-69  

bleeding time sec 7 3  90  - - - 90-150 

hematocrit 1 / 1  0 . 5 1 0 . 47-0 . 5 5 0 . 34-0 . 5 8 0 . 36-0 . 4 5 0 . 3 7-0 . 5 5 0 . 3 1-0 . 6 0 0 . 39-0 . 5  0 . 37-0 . 5 5 

hemoglobin mmol/ l  1 0 . 7  9 . 7- 1 1 . 7  6 . 5-1 3 . 0  - 7 . 5- 1 1 . 0  6 . 6- 1 2 . 4  9 . 7- 1 0 . 9  7 .  5-1 1 .  2 

plasma hemoglobin µmol/l 1 . 2  2 . 1  - 1 . 9-3 . 3  

SRE mm 1 .  7 3 . 7  0 . 5-1 . 5  - 5 2 

body temperature oc 3 8 . 5  3 8 . 1-38 . 9  

fibrinogen g / l  1 . 8 9  1 . 4 0 - 2 . 3 7 - - 2 . 0-4 . 0  - - 2 . 0-4 . 0  

APTT sec 26 . 4  2 1 .  4 - 3 1 . 5 

PTT sec 9 . 1  e . 1-10 . 1  6 . 5-9 . 5  - - 6 . 6-7 . 6  

RT sec 1 1 . 9  1 0 . 4- 1 3 . 4  

TT sec 1 0 . 3  9 . 1- 1 1 . 5  

Table 2 . 7 . 8 .  Normal hematological values in dogs 
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CHAPTER 3 :  INFLUENCE OF THE CIRCUIT MATERIAL 

3 . 1 .  PREFACE 

This chapter wi l l  describe the genera! behaviour of 
blood components when exposed to the basic e lements 
of an extracorporeal circuit , tubing and pumps , and 
compares three d i f ferent tubing material s :  PVC , SFSR 
and S R .  

3 . 2 .  SERIES I :  PVC TUBING 

3 . 2 . 1 .  I ntroduction 

Paragraph 3 .  2 .  presents the hemato logical change s 
caused by the rel atively s imp le extracorporeal 
c ircu it cons isting of polyvinylchloride ( PVC ) tubing 
material and a double head roller pump , described in 
chapter 2 ,  figure 2 .  5 . 1 . , as  the standard Travenol 
PVC extracorporeal c ircuit . In this  series of s ix 
experiments all  dogs survived and no complicat ions 
were encountered . 

I n  all  fol lowing figures the two hour period of 
extracorporeal c irculation i s  repre sented by the 
horizontally shaded area . 

During the day of the experiment ( 0 -2 4 0  mins ) the 
presented results of cell counts , hemoglobin , plasma 
hemog lobin , and fibrinogen are independent of hemo
dilution because of correction for change s in the 
hematocr i t .  
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Figure 3 . 2 . 2 .  Percentage of thrombocyte number 
Within five minutes a fter starting ECC the number 

of c irculating thrombocytes , corrected for changes in 
hematocrit , sharply decreased to 50 % of the initial 
value . After thi s  initial dip the number increased in 
30 minutes and stab i l ized around 88 % • After the 
disconnection of the circuit the number of thrombo
cyte s did not change immediately . 

However , a clear secondary dip was observed on the 
first day after the operation , followed by a gradual 
restorat ion . The preoperative mean value was reached 
on day five and in the subsequent period no changes 
in number were ob served . 

- 4 0  -



thrombocyte function : coma x [ % l ± sd 
1 50 

100 

180 

3 . 2 .  Series I :  PVC tubing 
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F igure 3 . 2 . 3 .  Percentage o f  thrombocyte function : 
ODmax 

The initiat ion of extracorporeal circulation 
resulted in an immediate disappearance of thrombocyte 
funct ion . After 3 0  minutes the funct ion had recovered 
to 3 2  % reaching 5 0  % at the end of the ECC period . 
Further re storation o f  the ODmax values started from 
the first day after the operat ion . The ODmax was 
normal on day five and showed value s of over 1 0 0  % on 
days s ix and seven . On days 1 4  and 2 1  about preopera
t ive ODmax values were measured . 
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Figure 3 . 2 . 4 .  B leeding time 

5 6 7 
t ime 

Two hours after the ECC per iod the outcome of the 
bleeding time wa s s l ight ly but signi ficantly ( p < 0 . 0 5 )  
lengthened from 1 to 4 rninutes . ( The norrnal range of 
1-3 rnins is  indicated in the figure by the vert ically 
shaded area . )  On the fol lowing days the bleeding 
time s had returned to normal values . 
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3 . 2 .  Series I :  PVC tubing 
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F igure 3 . 2 . 5 .  Percentages of hemoglobin , hematocrit 
and erythrocyte number ,  and level of 
plasma hemoglobin 

As a result o f  the priming of the circuit with 2 1 
di luted blood with a hematocrit o f  0 . 2 3 1 / 1  both 
hemoglobin and hematocri t ini tially decrea sed to 7 0  
% , but gradually increased during the day of the 
experiment . After the experiment the change s in 
hemoglobin and hematocrit re flected the changes in 
the percentage of erythrocyte number . Preoperative 
values were reached a fter three weeks . 

During the ECC period and the first hours of 
recovery no changes in the erythrocyte number , 
corrected for change s in hematocri t , were measured . 
In the first week a fter the experiment the number 
decreased to about 70 % • After one week a gradual 
restoration wa s observed unt i l  the normal value was 
reached in the third week . 

The level o f  plasma hemoglobin increased from 1 . 7  
µmo l / !  preoperat ive ly to a maximum of 1 1 . 9  µ mol / !  
a fter two hours o f  ECC . Thereafter the leve l of 
plasma hemog lobin gradually decreased and reached the 
preoperative leve l on day two . 

- 4 3  -



3 . 2 .  Series I :  PVC tubing 
l eukocy t e s [ % ] ± s d 
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Figure 3 . 2 . 6 .  Percentage o f  leukocyte number 

During the early minutes of ECC the number of 
circulating leukocytes decrea sed to 4 1  % .  The preop
erat ive level was regained within 3 0  minute s and 
rema ined stable unt i l  the end of the perfusion 
per iod . After the disconnection of the circuit a 
gradual increase in number was observed with a 
maximum of 2 2 0  % on day one after the operation . 
Herea fter the leukocyte number decreased to 1 7 4  % on 
day three , fol lowed by another maximum of 2 0 0  % on 
day s ix and , fina l ly , a gradual norma l i z ation within 
two weeks . 

Por this  parameter the di fferences between individ
ual dogs resulted in re latively large standard 
deviations . 
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Figure 3 . 2 . 7 .  SRE and body ternperature 
The sedirnentation rate of the erythrocytes ( SRE ) 

showed an increased value o f  about 2 5  rnrn/h at the end 
of the ECC period , which elevat ion lasted the first 
week . After 1 4  days the SRE had decreased and a 
norrnal rate was rneasured on day 2 1 . 

The body ternperature showed values of about 3 9  ° C  
during the first days a fter the experiment and 
returned to the norrnal range of about 3 8 . 5 ° C after a 
week . 
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3 . 2 . Series I :  PVC tubing 

Figure 3 . 2 . 8 .  F ibrinogen 
During ECC the fibrinogen level , corrected for 

changes in hematocrit , showed minor changes . In the 
recovery period the leve l increased to a maximal 
value o f  4 . 3  g / l  on day two . After this maximum it 
decreased to a s l ightly elevated leve l of 3 . 3  g/l on 
qay seven a fter the �xperiment . 
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3 . 2 .  Series I :  PVC tubing 

Figure 3 . 2 . 9 .  Activated 
partial thromboplastin time 
(APTT ) , prothrombin time 
( PTT ) , repti lase time ( RT) , 
and thrombin time (TT ) 

Two o f  the c lotting parameters were inf luenced by 
the systemic hepariniz at ion during the experiment : 
APTT and TT were extreme ly lengthened during the 
period of ECC . 

At the end of the day and day one after the opera
tion APTT showed lengthened values o f  4 1  and 3 6  secs 
respective l y ,  whi le on day seven preoperative values 
were measured . 

TT showed minor increases to about 1 2  secs during 
the early period a fter ECC and had norma l i z ed on day 
seven . 

PTT had increased to 1 5  secs at the end o f  the ECC 
period . This va lue decreased to 1 1  secs after 2 4 0  
minutes and on day one after the exper iment . Preoper
ative va lues were found on day seven . 

RT increased during the bypass period to about 1 7  
secs . At the end o f  the day o f  the experiment and on 
day one the RT had decreased , whi le preoperative 
values were measured on day seven . 

- 4 7  -



3 . 3 .  SERIES IV : SFSR TUB ING VS SERIES I :  PVC TUB ING 

3 . 3 . 1 .  Introduction 

Paragraph 3 . 3 .  describes the results of the experi
ments wi th the s i l ica free s i l icone rubber ( SFSR) 
tubing , as de scribed in chapter 2 ,  figure 2 .  5 .  2 . , 
compared with the in 3 . 2 .  presented experiments with 
the standard PVC tubing . Bath type s of tubing were 
emp loyed with the same doub le head roller pump . The 
parameters SRE , body temperature , fibrinogen and 
clotting wi l l  not be described further , because 
paragraph 3 . 2 .  revealed they do not provide addition
al information . The changes in hemoglobin , which 
yield es sentially the same results as the parameter 
of the hematocr it , wil l  also be omitted in the 
further descriptions . 

To fac i litate stat i stical analys is  results are 
gi ven as mean va lue s together wi th their standard 
error of the mean ( sem) . 

I n  bath ci rcuit series no compli cations were 
encountered : bath groups of s ix dogs were long term 
survivors . 
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F igure 3 . 3 . 2 .  Percentage o f  thrombocyte number 
An extracorporeal circuit composed of s i lica free 

s i licone rubber ( SFSR) tubing showed the same initial 
dip in thrombocyte numbers as was found in the PVC 
tubing group . During ECC there was also a comparable 
restoration to a stable leve l of about 90  % .  However ,  
after the di sconnection o f  the circuit a marked 
decrease in number appeared in the SFSR group , 
whereas an unchanged leve l pers isted in the PVC 
tubing group . After 2 4 0  mins the difference between 
the groups was not stat i s tically s igni ficant . In bath 
groups a secondary dip to about 5 0  % was seen on the 
first day after the experiment . Re storation to norma l 
values fol lowed s imilar patterns . Approximately 
preoperative numbers were measured from day s ix 
onwards . 
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Figure 3 . 3 . 3 .  Percentage of thrombocyte funct ion : 

ODmax 
After five mins of ECC the SFSR tubing group showed 

a s imi lar , almost complete disappearance of ODmax as 
observed in the PVC tubing group . However ,  a rap id 
restoration to a normal function wa s achieved in the 
SFSR tub ing group after 6 0  mins , whereas the funct ion 
in the PVC group remained low . During this period the 
differences between bath groups were stat istically 
signi ficant ( p< O . 0 1 )  . Dur ing the further course the 
function decreased gradually to 8 0  % at the end of 
the ECC period and reached a minimum value of 44  % 
after 2 4 0  mins , almost equal to the minimum in the 
PVC group . After the se minima in bath groups normal 
values were found after five days . 
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3 . 3 .  Series IV:  SFSR tubing 
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Figure 3 . 3 . 4 .  B leeding t ime 
In the SFSR tubing group the bleeding time rema ined 

within the normal range during the whole �xperiment . 
I n  the PVC group the bleeding time was s l ightly but 
signi ficantly prolonged ( 4  mins ) at the end of the 
day of the experiment ( p < 0 . 0 5 ) . 
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3 . 3 .  Series IV : SFSR tubing 
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F igure 3 . 3 . 5 .  Percentages of hematocrit and erythro
cyte number ,  and leve l of plasma 
hemoglobin 

S igni ficant di fferences between the SFSR and the 
PVC tubing groups were detected for the hematocrit , 
because in the SFSR tubing group the c ircuit was 
pr imed with 1 l iter of di luted bloed ( see 2 . 2 . 4 . )  in 
contrast to 2 1 in the PVC tubing group . During the 
day of the experiment the hematocri ts in the SFSR 
tubing group were about 15 % higher . This h igher 
leve l was maintained in the further course of the 
postope rative period although the di fference was only 
signi ficant on day seven . Norma l values were reached 
in both groups after three week s .  

During the day of the experiment in the SFSR tubing 
group the number of erythrocyte s ,  corrected for 
changes of hematocrit , was s l ightly decreased . After 
disconnect ion values of about 1 0 0  % were measured . In 
the days after the experiment the changes in the 
percentage of erythrocyte s revealed a decrease of 
about 25 % ,  fol lowed by a gradual improvement after 
the first week . The preoperat ive value had returned 
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on day 2 1 . In the SFSR tubing group all  values were 
about 5- 1 0  % higher than in the PVC tubing group , but 
these differences were not s igni ficant . 

After 1 2 0  mins of ECC plasma hemoglobin in the 
SFSR tubing group rema ined at a s igni ficantly lower 
level ( 5 . 2  µ mol / l )  as compared with the PVC tubing 
groups ( 1 1 . 9  µ mo l / l ) . The se values decreased towards 
normal from day two onwards .  S igni ficant differences 
between the groups were s t i l l  present on the first 
and second day after the experiment . 
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3 . 3 .  Series IV : SFSR tubing 
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F igure 3 . 3 . 6 .  Percentage of leukocyte number 

During the early phase of the ECC period the number 
o f  c irculating leukocytes showed no initia! decrease , 
but rema ined at a leve l of about 1 0 0  % .  From 3 0  mins 
onwards a gradual increase was mea sured until  a 
maximum of 3 3 2  % was reached on day one after the 
experiment in contrast to 2 2 0  % in the PVC tubing 
group . In the SFSR tubing group the leukocyto s i s  
rapidly decreased and both groups showed s imilar 
courses from the third day . S igni ficant differences 
were measured after 5 ( p < 0 . 0 0 1 )  and 2 4 0  mins 
( p < 0 . 0 5 ) . 
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3 . 4 .  SERIES I I I : SR  TUBING VS SERIES I I : SFSR TUB ING 

3 . 4 . 1 .  Introduction 

This paragraph give s the results of the experiments 
with the s i l icone rubber ( SR) tubing system , as 
compared with the SFSR tubing system ( see figure 
2 .  5 .  2 .  for the ident ical c ircuits for both serie s )  . 
In  these c ircuits the rotor blood pump was employed . 

The SFSR tubing group IV with the incorporation of 
a standard rol ler pump ( 3 . 3 . )  i s  there fore different 
from the SFSR tubing group II described in thi s  
paragraph . The di ffe rences caused by these two types 
o f  pumps w i l l  be di scussed in the fo l lowing chapter 
( paragraph 4 . 2 . ) . 

There was a di fference between both series in the 
priming fluid : the SFSR group was primed with blood , 
whi le c ircuits in the SR group were filled with blood 
and plasma expander in a 1 : 1  ratio . 

Po stoperative compli cat ions were not encountered . 
Both series con s isted of s ix experiments .  
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Figure 3 . 4 . 2 .  Percentage of thrombocyte number 
In both group s the starting of ECC caused an 

initial dip to about 70 % of circulating thrombocyte s 
fol lowed by a level of around 9 0  % and a s light 
decrease to 8 0  % two hours after perfus ion . The SFSR 
tubing group showed a secondary dip to 63 % on day 
one a fter the experiment , while in the SR tubing 
group this decrease wa s extended to 4 8  % on day two . 
At th is  time the di fference with the SFSR group of 
experiments was stat i stically significant ( p < O . 0 5 )  . 

After these minima in thrombocyte number bath groups 
showed gradual increases towards preoperative per
centages on day five . 
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F igure 3 . 4 . 3 .  Percentage of thrombocyte function : 

ODmax 
During ECC the SFSR tubing group showed an initial 

dip to 46 % fol lowed by a stab i l ized leve l o f  60 % of 
ODmax from 15 mins to the end of the perfus ion 
period . After disconnection the thrombocyte function 
s l ightly decreased to 4 2  % two hours a fter ECC . 

I n  the SR  tubing group there was a somewhat more 
pronounced ini tial dip to 3 2  % , but the function 
returned to a h igher level than in the SFSR tubing 
group between 3 0 - 6 0  mins of ECC (maximal value : 8 4  % 
at 6 0  mins as compared to 5 8  % )  • Sub sequently the 
funct ion decreased to 6 2  % at the end of the ECC 
period and to 3 6  % at the end of the day of the 
exper iment .  Recovery of funct ion wa s already noticed 
on the first day , whi ch implies that in both groups 
the secondary dip in funct ion had been reached at the 
end of the day of the experiment . Normal values were 
found on day five and a 1 0 - 2 0  % overshoot of function 
was observed during the second week . No s igni ficant 
d i f ference s  between both groups were encountered 
throughout the period of three weeks . 
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F igure 3 . 4 . 4 .  B leeding time 
In the SR tubing group the bleed ing time remained 

practically unchanged with values between 6 0  and 9 0  
secs . The SFSR tubing group showed an only s l ightly 
increased bleeding time of 2 mins 20 secs at the end 
of the day of the experiment ( normal range : 1 - 3  
min s )  . The further courses of bath groups were 
ident ical . 
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F igure 3 . 4 . 5 .  Percentage of hematocrit and erythro
cyte nurnber ,  and l eve l of pl asma 
hemogl obin 

As the SFSR tubing group wa s primed with autol ogous 
bl oed and the SR tubing group with 1 : 1  dil uted bl oed , 
there was a constant di fference in hematocrit of 
about 1 0  % throughout the day of the experiment , 
which difference onl y  showed statistica] s igni ficance 
after 5 mins (p< O . 0 5 )  . During the days after the 
experiment bath groups showed ident ical courses of 
decrease to about 8 0  % .  Preoperative hematocrit 
val ues were reached a fter two weeks . 

During the earl y period o f  ECC the nurnber o f  
erythrocytes remained unchanged ( 1 0 1  % )  in the SFSR 
tub ing series in contrast to 96 % in the SR tubing 
serie s .  After one hour of ECC in bath series the 
nurnber of erythrocytes wa s 1 0 0  % and this  l eve l was 
unchanged throughout the remaining period of the day . 
In the group o f  SFSR tubing there wa s a s l ight 
decrease to about 90 % on the fol l owing days , whereas 
the SR  tubing group showed a s igni ficant l y  l ower 
va l ue of 7 6  % on day two after the exper iment . This 
l ower l eve l was ma intained fo� a period of one week . 
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Normal va lues were found on day 1 4  in bath groups . 
S igni ficant di fference s  between bath groups were 
found a fter five and 3 0  mins and on day two ( p <0 . 0 5 ) . 

In  bath groups minimal increases of plasma hemoglo
bin were found at the end of the ECC procedure , while  
from day one a l l  values were normal . 
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Figure 3 . 4 . 6 .  Percentage of leukocyte number 
An initia! decrease to about 8 0  % o f  circulating 

leukocyte s was measured for both series of experi
ments .  I n  the SFSR tubing series this dip was fo l
lowed by a stable leve l of about 90 % during the 
remaining per iod of ECC and a fter disconnection by a 
gradual increase to 1 9  7 % on day one . For the SR 
tubing serie s , however , a continuous increase was 
observed a fter the initia! dip to a maximum of 2 0 9  % 
a fter 2 4 0  mins . Only after 1 8 0  mins the leukocytos i s  
in the latter series was s igni ficantly higher 
( p < 0 . 0 1 ) . From day one onwards the patterns of 
leukocyte number were comparable in both series and 
resemb led the curve of the PVC tubing series ( figure 
3 . 2 . 6 . ) . 

- 6 1  -



3 . 5 .  DISCUSSION 

3 . 5 . 1 .  General reaction 

3 . 5 . 1 . 1 .  Nurnber of thrombocytes 
The general reaction o f  the platelet number when 

blood is exposed to extracorporeal circulation ( ECC ) 
is  i l lustrated by the experiments with the basic ECC 
system consisting of PVC tubing and a roller pump 
( series I ;  figure 3 . 2 . 2 . ) . The result ing curve shows : 
1 .  a substantial initial dip of more than 5 0  % within 

5 mins a fter starting the ECC followed by a 
recovery to about 9 0  % over a period of 3 0  mins . 

2 .  a state of equil ibrium at about 9 0  % during the 
remaining period of ECC . 

3 .  a postoperative decrease in number with a second
ary dip on day one . 

4 .  a restoration to the preperfus ion number during 
days 2-5 . 

The initial dip in numbers has naw been we ll  estab
l i shed for circuits with interconnected oxygenators 
or dialyzers , bath exper imenta lly ( de Leval et al . ,  
1 9 7 2 ; Mielke et a l . ,  1 9 7 3 ; Grabowski et al . ,  1 9 7 7 . ,  
Addonizio et al . ,  1 9 7 8 ;  1 9 8 1 )  and c l inically ( Salz
mann , 1 9 7 1 ;  Moriau et al . ,  1 9 7 7 ) . According to  
Sal zmann ( 1 9 6 3 , 1 9 7 5 )  the deve lopment of thrombo
cytopenia i s  a cons i stent consequence of EEC in 
which the princ ipal loss of platelets occurs within 
moments of the first contact of blood with the 
prosthetic device . However , the inter act ion between 
thrombocytes and mere c ircuits has only occas ionally 
been described : reports from de Leva l et al . ( 1 9 7 2 , 
1 9 7 5 )  reveal a 5 0  % fall of platelet numbers occur
ring at the initiat ion of bypa s s . Our experiments are 
even more explicit : the number of circulating throm
bocytes has decreased subs tantially as early as one 
minute after starting the bypa s s  and a minimum leve l 
i s  reached wi thin minutes . This  instantaneous and 
mass ive disappearance of thrombocyte s from the 
c irculation can only be explained by an acute aggre
gation phenomenon . Although it has been suggested 
that all platelet losses occur in the EEC ( S a l zmann , 
1 9 6 3 ) , this  appears to be unlike ly ( de Leval et al . ,  
1 9 7 2 ; 1 9 7 5 ; Mielke et al . ,  1 9 7 3 ) , or only part of the 
exp lanation (Hope et al . ,  1 9 8 1 ) . The phenomenon takes 
place within one minute ( de Jong et al . ,  1 9 7 7 ) , 
during which only a part of the total b lood volume 
has passed the circuit . It i s  more probab le that at 
the very first contact with the nonphys iological ECC 
blood cells  ( thrombocytes , erythrocyte s )  are damaged 
( Parker-Wi lliams , 1 9 7 2 )  and release their constitu

ents , of which ADP i s  the mo st important . Re leased 
ADP can provoke mani fold reactions : it is  a chemotac
tic factor for polymorphonuclear ( PMN ) leukocyte s and 
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it induces aggregation and adhesion o f  leukocytes and 
thrombocytes (Mcintire et al . ,  1 9 8 0 ) . 8 Each human erythrocyte contäins 1 0  molecules o f  
ATP and about 1 0 7 mo lecules o f  ADP . I f  the cell  is  
d i s rupted these mo lecules a r e  released and the ATP i s  
converted rapidly t o  ADP b y  va:i;:ious extrace l lular 
enzyme systems , yielding up to 1 0 1 5  molecules of ADP 
per erythrocyte (Wi l liams , 1 9 8 0 ) . This quant ity of 
ADP i s  large compared with the amounts l iberated by 
p latelets when they undergo the release reaction . 

Minor damage to the erythrocytes l iberates enough 
ADP to provoke adhe s ion between thrombocyte s and the 
circuit material ( Schmid-Schönbein et a l . ,  1 9 7 9 ) . The 
adherent platelets then undergo a shape change ( re
fractory state , hypercoagu lable state ) which i s  
as soc iated w i  th the release of bioamines l ike ADP 
from the platelets (Leonard , 1 9 6 9 ; Born , 1 9 7 6 ; 
Frojmovic , 1 9 7 8 ;  Ramstack et al , 1 9 7 9 ) . By thi s  
release the surrounding platelets are , in turn , 
rendered sticky and , together with calcium ions and 
fibrinogen as cofactors provided by the plasma , 
aggregate s develop by the formation of calcium 
bridges between s ialic acid res idues on fibrinogen 
and s imilar acidic groups on the plate let surface 
(Kim et al . ,  1 9 7 4 , 1 9 7 7 ) . 

thrombocyte s 

leukocyte s 
erythrocytes 

threshold 
shear 
stre s s  
(N/m2 ) re fererice 

1 0  
3 0  
5 0  
1 0  

1 5 0  
1 5 0  
1 5 0  

Brown e t  al . ,  1 9 7 5  
Ramstack e t  al . ,  1 9 7 9  
Schmid-Schönbein , 1 9 8 1  
Mcintire et al . ,  1 9 8 0 
Leverett et el . ,  1 9 7 2  
Hellums e t  al . ,  1 9 7 7  
Ol ij s l ager ,  1 9 8 2  

species 
human 

can ine 
human 
human 
human 
human 

canine 

Table 3 . 5 . 1 . 1 . 1 .  Threshold shear stre s s  for release 
reaction 

Not only do nonphys iological surface s provoke 
aggregation , but shear ( or pump ) induced damage to 
thrombocyte s ,  leukocytes and erythrocytes ( table 
3 . 5 . 1 . 1 . 1 . )  also results in the release of bioamines 
and other active substances and , as a consequence , 
induces aggregation of surrounding leukocytes and 
thrombocytes ( Anderson et al . ,  1 9 7 8 ; Mclntire et al . ,  
1 9 8 0 ) . Evidence for this hypothe s i s  was , among 
ethers , brought about by exper iments in which Robin-
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son et al . ( 1 9 7 8 )  infused ECC treated blood or PRP in 
dogs and by doing so produced an immediate and marked 
drop in the number of circulat ing platelets . They 
conc luded that ECC induced thrombocytopenia was the 
result of stres s ing a few blood cells  which in turn 
affects the general platelet populat ion within the 
animal . Murphy et al . ( 1 9 7 1 )  and Swedenburg et al . 
( 1 9 7 1 )  were able to show that ADP is  one of the 

bioamine s capable of caus ing intravascular aggrega
tion : by inj ecting phys iological amounts of ADP in 
dogs they provoked a decrease in platelet count 
towards 70 % of the basel ine value and showed that 
ADP from darnaged platelets is a factor that induces 
intravascular aggregation . During bypass procedures 
elevated leve l s  of several aggregation inducing 
agents have been reported : ADP (Bernstein et a l . ,  
1 9 7 4 ; Born , 1 9 7 9 ; Kal ter et al . ,  1 9 7 9 , Hardwick et 
al . ,  1 9 8 3 ) , serotonin ( Swank et al . ,  1 9 6 4 ; I l için et 
a l . , 1 9 7 2 ; Lindsay et al . ,  1 9 7 7 ) , thromboxane A2 
( S a l zmann et al . ,  1 9 7 8 )  and B 2  (Addon i z io et al . ,  
1 9 8 0 ) , and thrombin ( Born , 1 9 7 6 ) . Other factors may 
also be invo lved , s ince a corre lat ion between in vivo 
thrombocyte loss and complement activation has been 
establi shed (Hakim et al . ,  1 9 7 9 ) . It is of intere st 
.to note that Robinson et al . ( 1 9 7 8 )  in their experi
ments wi th in fus ion of ECC treated blood did not 
measure thrombocytopenic responses frorn purnp less 
circuits , which irnpl ied that the reaction in the 
recipient anirnal had to be attributed to pump induced 
stre ss  rather than to surface contact of the blood 
with the rnaterials  of the ECC . In our laboratory we 
have tried to repeat these experiments in dogs . After 
connecting the outflow s ide of a pumpless extracorpo
real system to a blood bag , 4 0 0  ml of blood wa s 
col lected by gravity in CDP anticoagulant so lution 
with s imultaneous infus ion of the same quantity o f  
sal ine . In  the anirnal n o  changes in platelet nurnbers , 
corrected for hemodilut ion , occurred during this 
procedure . However ,  platelet nurnbers of the dra ined 
blood in the collect ion bag we re sharply decreased . 
When the content of the blood bag wi th decrea sed 
thrombocyte nurnbers was reinfused in the dog , an 
immediate drop to 20 % of the preinfusion value was 
measured . Thi s  s irnple experiment clearly indicate s 
that interaction between the bloed cells and the 
sur face of the collection bag doe s result in the 
release of agents that cause acute aggregation after 
re infus ion . The se findings that di ffer from those of 
Robinson are further supported by reports about the 
demonstration of platelet aggregate s in blood bags 
( Solis  et al . ,  1 9 7 4 )  and extracorporeal circuits 
(Dutten et al . ,  1 9 7 4 ; Reed et al . ,  1 9 7 4 ; Westen et 

a l . , 1 9 7 9 )  a l ike . 
In the procedure of extracorporeal circulation 
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ether factors are involved that may cause or aggra
vate the initial dip . Arnong ethers there are reports 
o f  the thrombocyte depre s s ing influence of priming 
fluids ( Hey , 1 9 7 6 ; Wolt j e s  et al . ,  1 9 7 9 ) , anesthe sia  
( Kennedy et al . ,  1 9 7 8 ; van Hoof e t  al . ,  1 9 8 0 ; Z ahavi 
et a l . ,  1 9 8 0 )  and heparini z at ion (E ika , 1 9 7 2 ; Solis  
et  al . ,  1 9 7 5 ; Bell et al . ,  1 9 7 6 ; Lindsay , 1 9 7 6 ; 
Wurz inger et al . ,  1 9 7 9 ) . Some inve stigators deny any 
in fluence of heparin on thrombocyte s ( Friedman et 
al . ,  1 9 7 0 ; de Leva l et a l . ,  1 9 7 2 ; He iden et a l . , 
1 9 7 7 ; Robinson et al . ,  1 9 7 8 ) . In  man hepar in is  
thought to  exert a n  aggregating effect on platelets 
by induc ing the release of intraplatelet ADP by a 
direct e f fect on the plate let membrane ( E ika , 1 9 7 2) . 
This author sugge sted that heparin induces release of 
ADP especially in young and functional ly active 
cel l s , bringing these thrombocyte s in a re fractory 
state . As thi s  re lationship of the interaction 
between heparin and human plate lets is  dose dependent 
(Mustard et a l . ,  1 9 6 5 ; Rowse l l  et al . ,  1 9 6 7 ) , care ful 

monitoring of the heparin regime , which can be 
performed by means of the Activated C lotting Time 
(ACT ) , advances minimal heparin administration and 

consequently minimal e ffect on plate lets . In our 
canine exper iments , however , nei ther anesthesia  nor 
heparin had any influence on platelet numbers , a s  
shown b y  standard compari son o f  the preoperative I 
and preoperative I I  s amples . 

Other pos s ib le hematological compl ications o f  the 
ECC procedure concern the admini stration of various 
non b lood fluids to pr ime the c ircuit . In this regard 
plasma expanders have a speci fic influence ( S i lvay et  
a l . ,  1 9 6 8 ;  We l lmer , 1 9 6 8 ; Hey , 1 9 7 6 ) . Wolt j e s  et al . 
( 1 9 7 9 )  have concluded from canine experiments that 
some priming solutions , such as dextran solution or 
gelatin solution , exert an apparent aggregat ing 
e ffect . S ince we used gelatin solution to prime the 
extracorporea l  circuits , the initial decrease in 
thrornbocyte numbers can at least partly be 
attributed to the appl ication of gelatin priming 
solutions . 

The group of De Leval , Heiden and Mielke has 
postulated three di fferent basic types of platelet 
damage which result in reduced numbers : 
1 .  adhe s ion o f  thrombocytes to nonphys iological sur

face s in the extracorporeal circuit ( de Leval et 
al . ,  1 9 7 2 )  

2 .  reversible aggregat ion , after which p late lets , 
temporarily trapped in the l iver , dis soc iate and 
return into the c irculat ion ( de Leval et al . ,  
1 9 7 2 ,  1 9 7 5 ; Heiden et al . ,  1 9 7 5 ; Hope et al . , 1 9 8 1 )  

3 .  irrevers ible damage , after which aggregates and 
fragrnents are permanently trapped in the l iver and 
eventually e l iminated by the spleen (Lötter et 
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al . ,  1 9 8 0 )  and the reticul o-endothel ial  system 
(He iden et a l , 1 9 7 5 ) . 5 1  I n  kinetic studies with1 1 1cr l abel l ed pl ate l ets 

(de Leval et a l . ,  1 9 7 2 )  or I n  l abel l ed pl ate l ets 
( Hope et al . ,  1 9 8 1 )  it was shown that pl atel ets that 
are removed from the c ircul ation during the earl y 
minute s of ECC fol l ow the second of the se basic 
types : trapping i s  concentrated in the l iver . Another 
important observation was that the l oss  from and the 
return into the c ircul ation on the one hand and the 
change s in radioactivity on the ether hand are 
c l osel y rel ated . This impl ies that the initial dip in 
thrombocyte count doe s not invo l ve a permanent l oss , 
but a reversib l e  process  of temporaril y trapped 
p l atel et aggregates .  The curves from our experiments 
con firm these resul ts by showing invariab l y  that 
initial decreases are fol l owed by restorations of 
numbers .  . 

F igure 3 . 2 . 2 .  shows that after the re l ative l y  s l ow 
disaggregat ion of the ini tial l y  formed aggregates a 
stabl e l evel of 8 8  % thrombocytes is  reached . The 
stabil i ty points to a dynamic state of equ i l ibrium 
between continuous aggregation and subsequent di sag
gregation of the thrombocytes . That stab l e  l eve l can 
pos sib l y  be regarded as a measure for the hemocompat
ibi l  i ty of the extracorporeal c ircuit invol ved ( de 
Jong et al . ,  1 9 7 7 ) . Under experimental conditions 
such stabil ized pl ate l et l eve l s  during ECC have al so 
been measured by Miel ke et al . ( 1 9 7 3 ) . The period 
during which the state of equil ibrium can be ma in
tained appears not to be l imited to the two hours of 
this  protocol ( Le ichtman et a l . ,  1 9 7 7 ) . Extens ion o f  
the ECC period t o  four hours , performed in four 
separate experiments ,  has reve a l ed that for both 
periods al ike stab l e  l evel s  are maintained unt i l  the 
moment of disconnect ion of the c ircuit . Reports of 
s ti l l l onger periods of perfus ion indicate that 
ul timatel y  exhaust ion and e l iminat ion of the thrombo
cytes may occur as a consequence of continuous 
aggregation and disaggregat ion proce s se s  ( B l aam et 
a l . ,  1 9 7 4 ) . 

After di sconnect ion of the ECC the equil ibrium is  
disturbed : stimul ation o f  thrombocyte aggregation has 
come to an end whi l e  disaggregation and consequent 
re l ease from the l iver sti l l cont inues . This resul ts 
in a s l ight increase in thrombocyte numbers shortl y  
after disconnection o f  the c ircuit , a phenomenon al so 
observed a fter c l inical perfusions ( Hi l l et al . ,  
1 9 7 2 ; McKenna et a l . ,  1 9 7 5 )  and after in vitro 
extracorporea l  circul ation of human b l oed (Addon i z io 
et al . ,  1 9 7 8 ) . The sma l l increase in numbers appears 
to be temporary : from one hour after ECC onwards a 
decrease in numbers i s  ob served and after 2 4  hours a 
distinctive secondary dip i s  measured . Such a se-

- 66 -



condary dip can be expl a ined by the earl y el imination 
o f  irreversib l y  damaged thrombocytes from the c ircu
l at ion ( Sal zmann , 1 9 7 1 ) . Al l thrombocytes rendered 
non- functional by the ECC procedure have been removed 
from the c ircul ation . There fore the rema ining percen
tage , which consists of al l sti l l viabl e ce l l s ,  can 
be cons idered as an indication of the hemocompatib i l 
ity of the ECC system invol ved . However , ear l y  
e l imination is  not the onl y reason for decreased 
thrombocyte numbers shortl y a fter disconnection of 
the ECC . Protamine chl oride , admini stered to neutra l 
i z e  heparin , pos sesses a n  important s ide e ffect : as a 
cationic pol yrner it can induce aggregation of throm
bocytes by direct binding to the negative surface 
charge of the pl ate l et membrane . As a resu l t  bridgès 
are formed between adj acent pl ate l ets ( E ika , 1 9 7 2 )  
and both thrombocyte numbers and function wil 1 be 
depres sed (Woods et al . ,  1 9 6 7 ; Gol dman et al . ,  1 9 6 9 ; 
F l eming et al . ,  1 9 7 7 ; Moriau et a l . ,  1 9 7 7 ;  Vel ders et 
al . ,  1 9 7 9 ; Wenz e l  et a l . ,  1 9 7 9 ) . As protamine is 
metabol iz ed by first pass e ffects , i ts thrombocyte 
reduc ing capacity onl y intervene s with the thrombo
cyte behaviour during the ear l y  recovery period on 
the day of the experiment . 

After the secondary dip the rel ease of new thrombo
cytes from the bone marrow exceeds the norma l el imi 
nation o f  al tered thrombocyte s . The resul ting resto
ration occurs gradual l y  and the norma l preoperative 
val ue of thrombocyte numbers is found a fter five 
days . For deeper secondary dips the restoration to 
preoperative nurnbers can be del ayed unt i l  day seven , 
because recovery i s  determined onl y by the thrombo
poietic capaci ty of the anima l . This al so expl ains 
the identical and paral l e l courses o f  the curves from 
d i f ferent experiments .  
3 . 5 . 1 . 2 .  Function of thrombocytes : ODmax 

Many investigators have reported depres sed thrombo
cyte function · during extracorporeal c ircul at ion 
( B l oom et al . ,  1 9 7 4 ; McKenna et a l . ,  1 9 7 5 ; Laufer et 
al . ,  1 9 7 5 ; Bick et a l . ,  1 9 7 6 ; Miel ke et al . ,  1 9 7 7 ; 
Moriau et al . ,  1 9 7 7 ) . Thrombocyte function curves 
are , however , expressed in many different ways , 
mos t l y  incomparab l e .  The ma in compl icat ion in as
sess ing thrombocyte function i s  the controversy about 
the val ue of the various in vi tro te sts as indica
tions of the in vivo funct ional capac ity of the 
thrornbocytes (We i s s , 1 9 7 6 ) . S ince pl ate l et funct ion 
cannot be directl y eva l uated , it is assessed indi
rectl y  by in vitro tests measuring one or more of the 
various aspects of the proce s s , e . g .  pl ate l et adhe
s ivene ss  ( on gl ass bead fi l ter s )  , aggregation , PF3 
avail ab i l ity or c l ot retraction . The mo st important 
of these tests i s  the technique of pl ate l et aggrega
t ion , first described by Born et al . ( 1 9 6 3 ) , which 
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has the advantage that it has been wel l  estab l i shed 
and wide l y  used and that it provides reproduc ibl e  
resul ts . On the other hand , the condit ions under 
which the test i s  performed are necessar i l y  different 
from the conditions in the animal : even care ful 
handl ing of the b l ood specimen may cause changes in 
function of the pl ate l ets ; moreover , the nature or 
the amount of the triggering agent or both are 
unphys iol ogical . For the ADP induced aggregation the 
cri tic al concentration of ADP is species dependent 
(B l akel y ,  1 9 7 2 ;  Spurl ing , 1 9 7 7 ) : canine pl ate l ets are 
aggregated by concentrations of ADP five time s higher 
than those of human beings . However , adaptations in 
the test procedure can be performed : in our setup the 
manipul at ions to concentrate or to dil ute the pl ate
l et r ich pl asma with the aim of equal iz ing numbers 
have been avoided by the use of the thrombocyte 
nomogram . Moreover , in the seventie s a system has 
been introduced for measuring aggregation in native 
bl ood instead of pl asma by means of measuring the 
screen fil tration pres sure (van Ke ssel , 1 9 7 7 ) . Thi s  
further diminishes the manipu l ation of the b l ood . 
Despi te the discu s s ions about the val ue of the in 
vitro ADP induced p l ate l et aggregation test , it 
probabl y  provides the best pos sib l e  approximation of 
the thrombocyte funct ion at this  moment . Further 
sophistication and standardi zat ion in the near future 
may render it an even more rel iabl e quantitative 
indicator of pl ate l et function . However ,  other 
concepts are a l so po s s ibl e :  biochemical methods have 
been devel oped to measure speci fic pl ate l et rel ease 
products as PF3 , PF4 , beta-thrombog l obul in , serotonin 
and thrornboxane B 2 , which methods might refine the 
quantitative assessment of pl ate l et damage ( Lud l am et 
al . ,  1 9 75 ; Bernstein et a l . ,  1 9 7 7 ; Anderson et al . ,  
1 9 7 8 ; Kapl an et al . ,  1 9 8 1 ;  David et al . ,  1 9 8 2 ) ; 
another method , the hypoton ie shock re sponse 
( Hardeman , 1 9 7 4 ) , measures serotonin uptake . 

The thrombocyte funct ion , gi ven in figure 3 .  2 .  3 .  , 
shows a pattern anal ogous to that of the number of 
thrombocytes . The initiation of perfus ion resul ts in 
an initial dip with a l ow ODmax simi l ar to the dip in 
the number of pl ate l ets . Addoni z io et al . ( 1 9 7 8 )  al so 
observed such an initial dip during exper imental ECC 
in monkeys .  The se findings are in accordance with the 
idea that a great part of the active thrombocyte 
popul ation is invol ved in the acute aggregation 
phenomenon . Priming fl uids , ane sthesia  and hepa
rini z ation may exert depres s ing infl uences on throm
bocyte function and , actual 1 y ,  such infl uences have 
been documented in human conditions ( Kal ter et a l . ,  
1 9 7 9 ; Zahavi et al . ,  1 9 8 0 ) . Others , however ,  deny 
ef fects of anesthe s ia (Kennedy et al . ,  1 9 7 8 ; Ka l ter 
et al . ,  1 9 7 9 )  and heparin (Kennedy et al . ,  1 9 7 8 )  or 
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question such e ffects (We s s l er et al . ,  1 9 7 6 ) . In our 
canine experiments we cou l d  not establ ish that either 
anesthe sia  or heparin had any infl uence on thrombo
cyte function as has been surveyed by standard com
par i son of the preoperative I and the preoperative I I  
sampl e s . However , pl asma expanders did exert a n  ap
parent aggregating infl uence bath according to re
ports from other inve stigators (We l  l mer , 1 9 6 8 ; Hey 
1 9 7 6 ; Wol t j e s  et al . ,  1 9 7 9 )  and in our experiments . 
Consequentl y ,  the use of gel atin sol ution to prime 
the extracorporeal circuit impl i cates that at l east 
part of the not iced initial dip in thrombocyte func
t ion is accounted for by the use of ge l atin priming 
sol ut ion s . The reversibil ity of the aggregation 
process  is accentuated by a gradual increase of ODmax 
from 1 5  minutes unt i l  the end o f  bypass . The first 
cel l s to reappear in to the circul at ion are the most 
l oose l y  attached thrombocytes in the outer she l l s  o f  
the aggregate s ,  i . e .  the o l de r  ones . According to 
Karpatk in ( 1 9 6 9 ) , Booyse et a l . ( 1 9 7 1 )  and Penington 
et al . ( 1 9 7 6 )  the se o l der thrombocyte s are al so 
re l ative l y  smal l .  Laufer et al . ( 1 9 7 5 )  observed that 
in man 3 0  % of the pl ate l et popul ation consists of 
equal amounts of l arge and smal 1 thrombocytes .  Ten 
minute s after initiation of cardiopul monary bypa ss  
the mean p l atel et vol ume (MPV) had decreased to  8 5  % 
o f  the control val ue and after 5 0  minutes a pl ateau 
of 7 5 % wa s reached . Two hours after disconnection 
MPV returned to 9 7  % • Laufer concl uded that , since 
thrombocyte numbers are markedl y  decreased during 
bypass , a s imul taneous 25 % decrease in MPV can onl y  
be expl ained by a sel ective disappearance o f  the 
l arge pl atel ets from the c ircul ation . As the l arger 
pl ate l ets are young and functional l y  more potent than 
the smal l er one s , thi s  may provide an expl anation for 
the observed decrease in pl ate l et function during 
per fus ion . 

The re storation o f  ODmax a fter the initial dip 
occurs more s l owl y than the increase in pl ate l et 
numbers , but the stab l e  l eve l a fter the initial dip 
is  in accordance with the curve of thrombocyte num
bers . After the di sconnection o f  the ECC the rec ircu
l at ion of disaggregated thrombocyte s and the adminis
tration o f  protamine chl oride c l ear l y  resul t in a 
l ower ODmax . When the secondary dip in thrombocyte 
numbers occurs , a l l cel l s  that have been damaged by 
consecut ive aggregation and disaggregation processes 
are el iminated . Concomitant l y  the rema ining thrombo
cytes show a decreased function . Thereafter the 
function is restored paral l e l wi th the format ion of 
new thrombocytes .  
3 . 5 . 1 . 3 .  B l eeding time 

The b l eeding t ime i s  a ffected by the combinat ion o f  
change s in thrombocyte numbers and function (Harker 
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et al . ,  1 9 7 2 ; S i l vergl e id ,  1 9 8 0 ; S l ichter , 1 9 8 2 )  and 
is rel ative l y  independent of fibrin formation ( Borch
grevink et a l . ,  1 9 6 1 ; Ludl am ,  1 9 7 1 ;  Heiden et al . ,  
1 9 7 7 ) . Consequentl y  the b l eeding time i s  of great 
practical rel evance as an overal l  measurement o f  
hemostas is  ( Hathaway , 1 9 7 1 ;  Harker e t  al . ,  1 9 7 2 ;  
Levine , 1 9 7 5 ) , a l though the parameter i s  neither very 
accurate nor very sensi tive . In spi te of thi s  the 
resul ts of the bl eeding time measurements in our 
exper iments are l arge l y  consistent with the thrombo
cyte behaviour in a l l  experimental groups . In the 
experiments with the PVC c ircuit a bl eeding time of 
about 4 minutes was measured at the end of the day of 
the experiment . This means that in cl inical terms a 
l os s  of 1 5  % in thrombocyte numbers and 6 0  % in 
thrombocyte function resu l t s  in a sign i ficant in
crease in the bl  eeding time from 1 to 4 minutes 
( normal range 1 - 3  minutes ) .  The introduction of young 
and viabl e pl ate l ets into the circul ation assures the 
normal i z ation of the b l eeding time ( 2  minutes )  on the 
fo l l owing day . In thi s  series the s l ight l y  increased 
bl eeding time can onl y be demons trated during the day 
of the experiment . 
3 . 5 . 1 . 4 .  Hemogl obin , hematocrit , number of erythro

cytes , and pl asma hemogl obin 
It  has been known for a l ong t ime that destruction 

of erythrocytes is a common compl ication during 
extracorporeal c ircul ation . Traditional l y  the l evel 
o f  p l asma hemogl obin has been used as the quantita
tive indication of the hemo l ys i s  with heart-l ung 
machines (Liddicoat et al . ,  1 9 7 5 ; Cl ark et al . ,  
1 9 7 9 ) , hemodial yzers ( Hyde et al . ,  1 9 6 9 )  or even 
arti ficial heart val ve s ( Roschke et al . ,  1 9 7 7 ) . In  
the ECC induced red cel l destruction doe s not onl y  
the adhe s ion o f  bl ood onto nonphys iol ogical surfaces 
pl ay its rol e ,  hut a l so fl uid mechanical e ffects such 
as el evated shear stres ses are directl y invo l ved . 
Damage to sheared erythrocytes is  normal l y  expl ained 
in terms of cel l membrane damage re sul ting in in
creased membrane poros ity and augmented infl ux or 
re fl ux of water , ions and ether cel l consti tuent s 
such as ADP and serotonin ( Bernstein et al . ,  1 9 6 7 ;  
Lubowitz et a l . ,  1 9 7 4 ; B irnbaum e t  al . ,  1 9 7 7 ) . This  
kind of cel l wa l l  damage with its consequent vol ume 
changes is  reversib l e  unl e s s  the trauma infl icted is  
so severe that it impedes regaining of the proper 
membrane function ( B irnbaum et al . ,  1 9 7 7 ) . When shear 
s tresses higher than the thresho l d  l evel of 1 5 0  N/m2 
( Brown et al . ,  1 9 7 5 )  are appl ied to erythrocyte s ,  the 
cel l s  are hemol yzed . Repetitive contact with high 
shear stresses has a l owering e ffect on the critica! 
shear stresses at which erythrocytes rupture 
(Leverett et al . ,  1 9 7 2 ) . 

F l uid mechanical estimations have shown that in 
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e . g .  rol l er pumps under severe pressure condi t ions 
l aminar shear stresses  in the order of 1 0 0 0 -3 0 0 0  N/m2 
( Lambert , 1 9 7 9 )  are reached . The se are sufficient l y  

high for the given exposure t imes in rol l er pumps to 
cause l iberation of ADP and serotonin and to induce a 
detectabl e  raise in p l a sma hemogl obin ( Hel l ums et 
al . ,  1 9 7 7 ) . But even when erythrocytes are not 
ruptured by a s ingl e pas sage through a very high 
shear stress  region , they are abnormal . The work of 
the group from Rice University (Ve l ker et al . ,  1 9 7 7 ; 
O ' Rear et al . ,  1 9 7 9 )  has shown that cel l s  subj ected 
to subl ethal shear stresses seem to be normal bicon
cave disc s , but have become much more rigid ( or l e ss  
fl exibl e ) , whi l e  the mean erythrocyte vo l ume may 
increase with about 1 0  % ( B i rnbaurn et al . ,  1 9 7 9 ; 
Wi l l iams et al . ,  1 9 8 0 ) . Such a mechanical trauma may 
l ead to accel era ted ageing (Wi l l iams , 1 9  7 1 )  and to 
enhanced seque stration of those cel l s  ( S andz a  et al . ,  
1 9 7 4 ) . Tabak et al . ( 1 9 8 1 )  measured the erythrocytes 
survival ( hal f-1 i fe )  after ECC in dogs and found a 
s igni ficant shortening in hal f-l i fe . I n  the ir opinion 
such a pro found erythrocyte injury can be cl inical l y  
mani fested by postoperative anemia . Subl ethal damage 
there fore doe s  not neces s aril y raise p l a sma hemog l o
bin concentration but can be hel d  re sponsib l e  for 
anemia during the postoperat ive period . For this 
reason the measure of pl asma hemogl ob in is  not an 
adequate indicator of ECC induced erythrocyte damage 
(Kusserow et a l . ,  1 9 6 6 )  . As bath irreversib l e  and 
subl ethal  erythrocyte damage resul t in the l iberation 
of p l ate l et aggregation promoting factors such as ADP 
and serotonin , inj ury of red cel l s  shou l d  not onl y be 
regarded as a threat to the erythrocytes and oxygen 
transport , but a l so as an important triggering factor 
in al l hemostatic reactions invo l ving thrombocyte s 
( Schmid-Schönbe in et a l . ,  1 9 7 9 ) . This conc l usion i s  
o f  spec ial rel evance for the initial dip of thrombo
cyte numbers and function ( see 3 . 5 . 1 . 1 .  and 
3 . 5 . 1 . 2 . ) . The amount of bioamine needed for inducing 
the observed mas s ive pl ate l et aggregation can onl y be 
provided by erythrocytes ,  s ince these are present in 
the bl ood in far greater numbers than pl atel ets . 
There fore the use o f  drugs to reduce the initial dip 
of pl ate l et s  shou l d  be directed to the protection of 
the erythrocytes .  

During the day of the exper iment no change s are 
measured in the number of erythrocytes , corrected for 
hemodi l ution . Cal cul ation reveal s that the change s in 
the curve s of hematocrit and hemogl obin are direct 
refl ect ions of the mixing of priming fl uid with the 
bl ood of the anima l . Hemodi l ution i s  fol l owed by the 
progre s s ive el imination of the gel atin sol ution wh ich 
has a hal f l i fe of about 4 -5 hours ( S i l  vay et a l , 
1 9 6 8 ; Hammer , 1 9 7 6 ) . I t  can there fore read i l y  be 
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as sumed that nearby al l ge l atin has been el iminated 
on the day after the exper iment and for thi s  reason 
correct ion for hemodil ution has not been appl ied from 
day one onwards . The increase in pl asma hemogl obin 
after two hours of ECC prove s that a number of eryth
rocytes has undergone hemol ysis . It is beyond doubt 
that the two rol l er pumps of the ECC must be he l d  
re spons ib l e  for the high shear stre sses ( 1 0 0 0 - 3 0 0 0  
N /m 2 ; Lambert , 1 9 7 9 )  rupturing part o f  the red cel l s .  
Assuming that the average hemogl obin concentration of 
a dog is  1 0 . 7  mmol / 1  ( see 2 . 7 . 8 . ) , i t  can be cal cu
l ated that the rise of 1 0 . 2  µ mol / l  in pl asma hemogl o
b in concentration at the end of the perfusion period 
has been caused by the hemo l y s i s  of about 0 . 1  % o f  
the c ircul ating erythrocyte s .  After disconnection of 
the c ircuit the parameter of p l a sma hemogl obin i s  no 
l onger an exact measure for the degree of hemo l ys i s  
because free hemogl obin is bound a s  dissociated 
dimers to haptogl obin ( Hershko et al . ,  1 9 7 2 ; Spur
l ing , 1 9 7 7 ; van Gool , 1 9 8 0 )  or as oxidi zed heme 
groups to hemopexin (Mul l er-Eberhard , 1 9 7 0 ; van Gool , 
1 9 8 0 ) , or e l iminated by renal fil tration . Preopera
tive concentrations are regained within two days . 

After the operat ion a decreased l evel of about 7 0  
% ,  l asting for a per iod o f  a week has been measured 
for erythrocyte numbers , hematocri t and hemogl obin . 
Considering the above concl us ion that onl y 0 . 1  % of 
the red cel l s  has undergone hemo l y s i s  during the ECC 
procedure , it must be assumed that an important per
centage of the red cel l mas s  has been subl ethal l y 
damaged by the high shear stre sses infl icted by the 
material and the rol l er pumps . This  mechanical trauma 
l eads to acce l erated age ing and enhanced seque stra
tion of the a ffec ted erythrocytes ( Indegl ia et al . , 
1 9 6 8 ; Wil l iams , 1 9 8 0 ) . Preoperat ive l evel s  are re
stored in c l ose connection with the formation of new 
erythrocyte s during the fol l owing weeks . 

Hemodi l ution and bl ood l os s  caused by sampl ing 
during the day of the experiment do not contribute to 
the decrea sed val ues during the days a fter the ex
periment , since the se l o sses have been cal cul ated and 
taken into account with the returning of b l ood from 
the c ircuit to the animal . 
3 . 5 . 1 . 5 .  Number of l eukocytes 

Granul ocytes which form about 6 7 % of al l 1 euko
cytes in dogs ( Spurl ing , 1 9 7 7 )  are potent cel l s  for 
aspec i fic de fense ( Hakim et al . ,  1 9 7 9 )  . They exert 
the ir bactericidal funct ions through mobil izat ion and 
inge stion fol l owed by intral eukocytic k i l l ing of 
bacteria . I n  contact with extracorporeal circuits 
granul ocytes are eas i l y  darnaged , s ince they are o f  at 
l east the same fragil ity as thrombocyte s and probabl y 
more susceptibl e than erythrocytes (Dewitz et al . ,  
1 9 7 9 ; Mcintire et a l . ,  1 9 8 1 ) . Mechanical stre ss  or 
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chemical damage of l eukocyte s l eads to increased 
adhesion and rel ease of infl arnrnatory and cytotoxic 
agents ( Dewitz et al . ,  1 9 7 7 , 1 9 7 8 ) . Evident l y  the 
l eukocytes are the primary med iators of l ung damage 
and microaggregate formation fol l owing ECC procedures 
( Jacob et al . ,  1 9 8 0 ) . Several mechani sms of this 
l eukocyte dys function have been propo sed , incl uding 
pl asma mediated compl ement act ivation ( Hakim et al . ,  
1 9 8 0 ; Wil son et a l . ,  1 9 8 0 ) , ce l l  mediated rel ease o f  
chemotactic and infl arnrnatory factors ( Graham , 1 9 7 5 ) , 
and direct damage to the 1 eukocytes by high shear 
stresses . Mcintire and his group have establ i shed 
(Mcintire et al . ,  1 9 8 0 )  that high shear stresses are 
indeed a poss ib l e  source of the impaired l eukocyte 
function observed after ECC , the trauma being inde
pendent of comp l ement activation . However ,  act ivation 
of comp l ement factors , which basical l y  is a di stur
bance in the pl asma proteins , is capabl e of inducing 
l eukocyte aggregation ( Hakim et a l . ,  1 9 8 0 ; Mc i ntire 
et al . ,  1 9 8 0 ) . I n  thi s  respect compl ement factors C 3 a  
and CSa  are of special  importance ( Jacob e t  al . ,  
1 9 8 0 ; Harnrnerschmidt et a l . ,  1 9 8 1 ) . The fo l l owing se
quence is  ini tiated : 1 eukocyte aggregates pl ug the 
capil l aries , the rel ease of proteo l ytic enzyrns and 
oxygen radical s damages the vascu l ar endothel ium , and 
l ung edema deve l ops ( Harnrnerschmidt et al . ,  1 9 7 9 ; 
Wil devuur , 1 9 8 0 ) . The endothe l ial damage al so acti
vates p l ate l ets with the consequence that thrombocyte 
aggregates are formed (Wonders et al . ,  1 9 8 3 )  . Al 1 
these factors l ead to di sturbed microcircul ation 
(Pranger et al . ,  1 9 8 0 )  of whi ch respiratory insu ffi
c iency and disturbed peripheral c ircul ation are 
pos s ib l e  consequences (Harnrnerschmidt et al . ,  1 9 7 9 ; 
1 9 8 0 ; Mcintire et a l . ,  1 9 8 0 ;  Jacob et  al . ,  1 9 8 0 ) . 

Another aspect o f  l eukocyte damage is  that the 
defense mechanism against infection is affected . High 
inc idenc es  of infection have been reported after ECC 
( Goodman et al . ,  1 9 6 8 ; Bl akemore et al . ,  1 9 7 1 ;  Hakim 
et al . ,  1 9 7 9 ) . Dankert et al . ( 1 9 7 8 )  reported that in 
a cl inical study of 7 0 0  patients undergoing open 
heart surgery about 2 0  % devel oped infection after 
the operation despite prophyl actic antibiotic treat
ment . The same study has shown that 8 0  % of the 
extracorporeal  c ircuits , expected to remain ster i l e  
throughout the operat ion , i n  fact became contami
nated . This was substant iated in an experimental 
study in our l aboratory in which four dogs out of 1 3  
undergoing autotrans fus ion had pos itive bl ood cul 
tures o f  exogenous origin . Several of these dogs died 
of septicemia ( Z i j l stra et al . ,  1 9 7 8 ) . Thi s  evidence 
points to the importance of e stab l i shing a l eukocyte 
function te st to measure l eukocyte impairment quanti
tative l y .  In  our l aboratory such a test , based on 
the phagocytic capac ity of l eukocytes , speci fical l y  

- 7 3  -



neutrophil  s ,  has been devel oped . In this  quick and 
easy te st carbonyl ated iron particl e s  are phago
cytized (Wo l tj e s  et a l . ,  1 9 7 6 ) . Resul ts obtained with 
this test show that l eukocyte function progres s ive l y  
decrea ses during ECC : after two hours of per fus ion 
with a c ircuit without oxygenator phagocyto s i s  is  
decreased to  5 0  % of the preperfus ion val ue ( de Jong 
et al . ,  1 9 7 7 )  . 

Phagocytos i s  can a l so be impaired experimental l y  by 
autotran s fus ion (Wol t j e s et a l . ,  1 9 7 6 ; Z i j l stra et 
al . ,  1 9 7 8 ) , and c l inical l y  by extracorporeal perfu
s ion ( Degge l er et al . ,  1 9 7 9 )  and by hemodia l ys i s  
( L indsay et al . ,  1 9 8 0 ) . Impaired phagocyto s i s  may 
promote sepsis  ( Dr inker , 1 9 7 2 ) . 

During the period of ECC the basic pattern of 
change s in l eukocyte numbers has an anal ogue in the 
changes in thrombocyte numbers ( figure 3 . 2 . 2 . ) . The 
curve of the general , aspec i fic (Veenhof ,  1 9 7 6 ; Hakim 
et al . ,  1 9 7 9 ) , reaction to the PVC circuit with 
rol l er pump ( figure 3 . 2 . 6 . )  shows : 
1 .  a substantial initial dip in numbers o f  about 6 0  % 

within five minutes after starting the ECC , fo l 
l owed by a recovery to normal va l ues over a period 
o f  3 0  mins 

2 .  a state of equi l ibrium at 1 0 0  % during the re
maining period of ECC 

3 .  a gradual postoperative increase in numbers with 
two " camel -humps "  o f  roughl y  2 0 0  % on days one and 
six . 

4 .  a decrease to preoperat ive numbers during the sec
ond week . 

In  1 9 6 6  Machanic ( reviewed by Ku sserow et al . ,  
1 9 7 1 )  showed that thi s  sequence of l eukopenia and 
l eukocytos i s  was indeed ECC induced , excl uding 
traumatiz ing factors as e . g .  surgery , cannul at ion , 
anticoagu l ation , and ane sthe s i a . 

The initial dip in l eukocyte numbers has been 
described be fore ( Ga l l etti , 1 9 7 1 ; Brubaker et al . ,  
1 9 7 2 ; Mcintire et al . ,  1 9 7 6 ; Veenho f ,  1 9 7 6 ) . Accord
ing to Kap l ow ( 1 9 6 8 ) , Gal l etti ( 1 9 7 1 )  and Henderson 
et al . ( 1 9 7 5 )  b l ood exposed to prosthetic devices 
initial l y  exhibits a rapid , often dramatic l eukopenia 
at the expense o f  mature forms of granul ocytes . In
duction o f  compl ement activation and aggregation of 
l eukocytes are he l d  re spons ib l e  for the ini tial dip 
in l eukocyte numbers ( Craddock et al . ,  1 9 7 7 ; Jacob et 
al . ,  1 9 8 0 ) . There fore the initial dip is  not provoked 
by shear stre s s  a l one , but i s  even ma in l y  dependent 
on the properties of the bl ood contacting material s 
( Kusserow et a l . ,  1 9 7 1 ) . 

In  a c l inical study with k idney dialyzers Brubaker 
et al . ( 1 9 7 1 )  observed a pronounced fal l of the mono
cyte count to near l y  zero . They did not find a con
sistent increase of monocyte count to over basel ine 
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val ue s  during the rebound phase , in contrast to the 
neutrophil  count . Lymphocyte counts showed no s igni f
icant change s during hemodial ys i s , but the observed 
variab i l ity of these counts was rel ative l y  greater 
than those of neutrophil s or monocytes .  The neutro
phi l  count fel 1 to nearl y  z ero short l y  after the 
onset of dia l ys i s , which impl ies that the ma j or ity o f  
c ircul ating wh ite cel l s  were l ymphocytes . Resu l t s  
from other werkers ( Goodman e t  al . ,  1 9 6 8 ; Ku sserow 
et a l . ,  1 9 6 8 ; 1 9 6 9 ;  Craddock et a l . ,  1 9 7 7 )  and from 
our l aboratory (Wi l devuur-van Hamer sve l d  et al . ,  
1 9 7 6 )  are general l y  in agreement with these data . In 
an exper imental study with oxygenators and dial yzers 
we observed that primari l y  the neutrophil ic  granu l o
cytes were affected . Within five minutes of ECC the 
morphol ogy of many granul ocytes was al tered : the 
shape was mos tl y e l ongated and irregul ar ,  the nuc l eus 
frequent l y  fol ded and younger neutroph i l ic granu l o
cytes appeared . An abnorma l aspect o f  the l ymphocytes 
was frequentl y observed during ECC and around the 
third day a fter ECC many of the mononucl ear cel l s  had 
the appearance of pl asma cel l s .  

Changes in the number o f  l ymphocyte s were observed 
on the first and second day after CPB . Depres sed cel l 
mediated immunity fol l owing CPB ( Roth et al . ., 1 9 8 1 )  
i s  most l ike l y  due to a decreased number o f  T-he l per 
cel 1 s (Murawska et a l , to be publ ished ) , wh ich the 
authors ascribe to the e f fect of ane sthetic or bio
acti ve agents ,  to migration into damaged tis sue , or 
to monocyte activity . 

Formed l eukocyte aggregates are probabl y  temporari
ly trapped in the l ungs and returned into the c ircu
l at ion a fter disaggregation . Traumat i zed l eukocytes 
may al so adhere to the endothe l ium of organs and the 
vascul a ture unt i l  recovery from the trauma occurs . 
Then the cel l s  detach thems e l ves and reenter the cir
cul ation ( Mc ! ntire et al . ,  1 9 8 0 ) . However , in compar
ison with the behaviour of the thrombocytes ,  the 
ini tial  dip of the 1 eukocyte s is more quickl y re
served by the rel ease of immature l eukocyte s from the 
marginated pool and the bone marrow reserve into the 
c ircul ation , which compensates for the momentary 
mass ive disappearance from the ci rcul ation (Kapl ow ,  
1 9 6 8 ; Brubaker e t  a l . ,  1 9 7 1 ;  1 9 7 2 ; Spurl ing , 1 9 7 7 ) . 
As a consequence even l eukocytos i s  is  observed after 
the op�ration ( and aften a l ready dur ing perfus ion ) 
bath in c l inical and experimental circumstances 
(Kapl ow ,  1 9 6 8 ;  Kus serow et al . ,  1 9 7 1 , 1 9 7 5 ; Mc !ntire 
et al . ,  1 9 7 6 ; Paping et a l . ,  1 9 7 8 ) . The extent of the 
increase in l eukocyte numbers is ma inl y  determined by 
the degree of shear stre s s  in the extracorporeal cir
cuit and not by the material induced compl ement acti
vation (Mc!ntire et a l . ,  1 9 8 0 ) , which is  in contrast 
to the phenomen of the initial dip in l eukocyte num-

- 7 5  -



bers that i s  ma inl y material dependent . After the 
initial l eukocytosi s , when the marginated pool i s  
exhaus ted and suppl etion for the further el imination 
of l eukocytes fai l s ,  a second l eukocytos i s  peak 
( second "camel -hump " )  is measured on day six .  This  

peak can probabl y be  accounted for as a re sponse of 
the bene marrow to stimul ating agents re l eased during 
the perfu sion (Brubaker et al . ,  1 9 7 1 ) . This  time 
sequence is in agreement with reports from Spur l ing 
( 1 9 7 7 )  who stated that in norma l dogs two th irds of 
the neutrophi l s (with a hal f-l i fe of average 6 . 7 
hours ) are in the circul ation pool and one third 
marginated in the microva scul ature . The neutrophil 
storage pool in the bene marrow was found to be about 
7 . 5  time s greater than in the bl oed compartment , 
repre senting three to four days suppl y of neutro
phi l s .  
3 . 5 . 1 . 6 .  Sedimentation rate of the erythrocytes 

F igure 3 . 2 . 7 . , whi ch give s the changes in SRE 
fol l owing extracorporeal circul ation with the PVC 
circuit , shows that the SRE i s  moderate l y  el evated 
a fter start ing ECC and that a stabl e l evel of 2 5 - 3 0  
mm i n  one hour i s  mainta ined for a period of a t  l east 
one week� Such an e l evation wh ich is  al so not uncom
mon after surgery or during in fection can coincide 
wi th el eva ted 1 eukocyte numbers . The SRE may some
time s take weeks to return to normal ( Spurl ing , 1 9 7 7 ; 
Loel iger et al . ,  1 9 7 7 )  de spite satis factory c l inical 
recovery . Other factors having an effect on the SRE 
are several priming sol utions such as gel atin 
(Eichl er et al . ,  1 9 6 9 ) , aggl omerates of b l oed cel l s  
l ike erythrocyte roul eaux , thrombocyte and l eukocyte 
aggregates ,  increased concentrations of " acute 
react ing prote ins " such as fibr inogen and hapto
gl obin , and several immunogl obul ins of wh ich IgM i s  
the mo st prominent ( Loe l iger e t  al . ,  1 9 7 7 ) . Final l y  a 
decrea sed number of circul at ing erythrocyte s ( anemia )  
can promote roul eaux formation and thus increase the 
SRE . 

As far as the experiments with the PVC circuit are 
concerned , the e l evat ions of SRE during the day of 
the experiment must be attr ibuted to surgery , priming 
fl uid and b l oed ce l l  aggregates ,  wh i l e  anemia ( figure 
3 .  2 .  5 . )  and increased fibrinogen concentrat ions 
( figure 3 . 2 . 8 . )  are prominent factors during the 
period af ter the experiment . S ince the factors of 
surgery , aggregate formation and priming fluid exert 
a moderate e l evating e ffect on the SRE in al l the 
el even series of experiments , the ma in importance of 
this parameter i s  the pos s ibi l ity of us ing it as one 
of the ind ications for infect ion after the operat ion . 
For th is  reason the SRE has been measured as a 
routine in al l series o f  experiments according to the 
protocol , but the resul ts wi l l  be omitted in the 
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fol l owing chapters . 
3 . 5 . 1 . 7  Body temperature 

The sl ight increases in body temperature ( figure 
3 . 2 . 7 . )  of maximal 0 . 5  °C that were measured during 
the days fol l owing ECC repre sent the normal reaction 
o f  the animal a fter surgery . An increased body 
temperature provides a pos s i b l e  means for recogniz ing 
infection j ust as the SRE doe s . In a previous study 
from our l aboratory it wa s observed that abnormal 
increases in body temperature coincided wi th more 
than moderate e l evations in SRE ,  signi ficant de
creases in the 1 eukocyte function and increases in 
l eukocyte numbers ( de Jong et a l . ,  1 9 7 7 ) . In thi s  
study one group o f  dogs had body temperature s o f  over 
3 9  °C after extracorporeal c ircul at ion with an 
oxygenator and al 1 dogs suffered from bactf;!rio l ogi
cal ly confirmed septicemia . On the other hand no 
infection was found and SRE was onl y  moderate l y  
increased in the group with temperature s be l ow 3 9  °C . 
However , these re sul ts are partl y in contradiction 
with reports from Be l l  et a l . ( 1 9 7 8 ) , who were unabl e 
to distinguish cardiac val ve surgery patients with 
infection from those without infection in a c l inical 
study us ing maximal body temperature , mean body 
temperature and number of l eukocyte s as parameters . 
However , tests of l eukocyte function were not in
cl uded in the ir study . 

The re sul ts of the body temperature measurements 
wi l l  not be mentioned in the fo l l owing chapters , be
cause in none of the exper imental series have differ
ent courses been observed . 
3 . 5 . 1 . 8 .  F ibrinogen , APTT , PTT , RT , and TT 

In most re spects the b l ood coagul ation system o f  
the dog is  comparabl e with that of man . The ma in 
difference between canine and human b l ood is found in 
the rel ative l y  high activity of the canine coagu l a
t ion mechanism .  Al though f ibrinogen ( factor I )  l eve l s 
are general l y  equal in dogs and men , the intr insic 
and extrinsic pathways of coagul ation are much more 
active in dogs ( Spur l  ing , 1 9 7 7 ) . Evidence of the se 
higher acti vi ties wa s produced by among ethers Ur 
( 1 9 7 4 ) , who used impedance coagul ography , and by 

Hawkey ( 1 9 7 4 ) , who measured higher l eve l s  of activity 
for factors X I I , XI , X ,  I X ,  VI I I , x ,  v and II in dogs 
than in man . As a cons equence canine coagul ation 
screening tests have shorter norma l val ues ( see tabl e 
2 . 7 . 7 . ) . 

Reports about the re sponse of the fibrinogen 
concentration to extracorporea l  circul ation in man 
describe dec l ines during the period of ECC ( B l ombäck 
et al . ,  1 9 6 4 ; Gral nick et a l . ,  1 9 7 1 ; Bick et al . ,  
1 9 7 6 ; Kal ter et a l . ,  1 9 7 9  ) ,  probabl y  due to in
creased shear stresses (Charm et al . ,  1 9 7 0 ) . S ince 
most authors have not corrected for hemodil ution , 
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these reports are not nece s sari l y  in contradiction 
with the al most stab l e  l evel s establ ished in our 
experiments . General agreement exi sts about marked 
decreases of factor V and enhanced fibrino l ys i s  
during thi s  period ( Bachman e t  al . ,  1 9 7 5 ; B ick et 
al . ,  1 9 7 6 ; Kal ter et a l . ,  1 9 7 9 ) . The l atter phenome
non resul ts in increased concentrations of fi
brin ( ogen ) degradation products which in turn may 
cause additional l engthening of the screening coagu
l ation tests . Such l engthen ing , due to bath factor V 
deficiency and fibrin (ogen)  degradation products , was 
al so ob served in our experiments witn the PVC c ircuit 
( figure 3 . 2 . 9 . ) : at the end of the ECC period PTT and 

RT showed l engthened val ues (TT and APTT were pre
dictabl y infl uenced by heparin)  . At the end of the 
day of the experiment al 1 four screening te sts had 
s l ightl y  shortened c l otting times as a re fl ection o f  
the activated coagul ation system and one week l ater 
normal i zation was establ i shed . 

During the period after the operation the fibrino
gen l evel s increa sed progres sive l y  reaching their 
max imal  val  ue on the second or third day ( see al  so  
figure 7 . 4 . 1 . ) . Reports o f  other inve stigators are in 
agreement with thi s  ( B l ombäck et al . ,  1 9 6 4 ; Egan et 
al . ,  1 9 7 4 ) . Thereafter th i s  maxima] hyperfibrinogene
mia gradual l y  decl ined . 

From these re sul ts i t can be conc l uded that ECC 
induced change s in the coagul ation system are charac
teriz ed by hyperfibrinogenemia , activation of the 
fibrino l ytic system and depl et ion of coagul at ion 
factors , speci fica] l y factor V. The re sul ts of the 
bl eeding t ime tests al so make i t cl ear that fibrin 
formation onl y pl ays a smal l addit ional ro l e  in the 
proce ss  of ECC induced hemostatic disturbances . 

3 . 5 . 2 .  Comparat ive analysis 

Thrombocyte numbers - When s i l icone rubber (SR)  and 
sil ica free s i l icone rubber ( SFSR) mater ial s are 
compared with the previous l y  described PVC tubing 
( figures 3 . 3 . 2 .  and 3 . 4 . 2 . ) , the mo st striking 
di fferences in the number of circul ating thrombo
cyte s are the smal l er initial dip with the SFSR 
tubing and the s igni ficantl y l e ss  pronounced 
secondary dip in the curve of the SFSR tubing as 
compared to SR material . The di fference in the 
initial dip cannot be interpreted because the priming 
fl u id of the SFSR series did not inc l ude ge l atin 
sol ution in contrast to the other series . It  has been 
shown be fore that the presence of ge l atin exerts an 
infl uence on the ini tial dip ( see 3 .  5 .  1 . 1 . )  . The 
l e ss  pro found secondary dip for the SFSR tubing is 
the expres s ion of a smal l er amount of el iminated 
thrombocytes ,  irrevers ibl y damaged by the ECC proce-
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dure . 
Thrombocyte funct ion - Comparison o f  the curve s o f  

thrombocyte function shows a s igni ficantl y higher 
pattern for the SFSR than for the PVC material during 
the who l e  ECC period , whereas important d i f ferences 
were not noticed between SFSR and SR  tubing . The 
measured di fferences in ODmax were not found a fter 
ECC indicating that the higher degree of damage to 
thrombocyte function in the PVC curve during ECC must 
be regarded as rever s ib l e  damage . At the end o f  the 
day of the experiment a l l groups had equal val ues o f  
ODmax . 

B l eeding t ime The onl y substantial pl ate l et 
difference , a l es s  pro found secondary dip in thrombo
cyte number wi th the SFSR tubing material , has no 
s ignificant impact on the c l inical l y  rel evant para
meter of �e b l eed ing time s ince the critica] va l ue 
of 8 2  x 1 0  / 1  is  not reached . 

These ob servations l ead to the conc l us ion that , as 
far as thrombocyte s are concerned , SFSR tubing shou l d  
b e  preferred t o  SR tub ing and both t o  PVC tubing . 

Other investigators agree with thi s  concl us ion and 
have reported improved hemocompatib i l ity of SFSR 
material  compared wi th SR material ( Z apol et al . ,  
1 9 7 5 ; Lagergren , 1 9 7 6 ; Kol obow et al . ,  1 9 7 7 ; 1 9 7 8 ; 
Chawl a et al . ,  1 9 7 8 ; 1 9 7 9 ) . A contradictory report 
from Yate s et al . ( 1 9 7 8 ) , in which no di fferences 
were establ i shed between SFSR and SR material s ,  is  
not convincing s ince their groups of experiments were 
too smal l to draw conc l us ions . In his recent l y  
pub l i shed the s i s  Ol i j s l ager .( 1 9 8 2 )  has described a 
test system in dogs , which wa s used to compare the 
bl ood compatibil ity of SR and PVC tub ing material s .  
After two hours of extracorporeal  circul ation of 
heparinized b l ood SR tubing showed s ingl e bl ood 
pl ate l ets adhering to the sur face , whereas the 
surface of the PVC material  was covered with pl ate l e t  
masses with a thickne s s  of one cel l  l ayer . The 
concl us ion of thi s  author was that SR doe s .not 
activate pl atel ets as much as PVC does . 

Hematoc rit , erythrocyte numbers and pl asma hemogl o
bin - No changes have been observed in the erythro
cyte counts of any of the three group s during perfu
s ion , but severe drops appeared in the first days 
after the experiment , demonstrating earl y el iminat ion 
of inj ured erythrocytes .  Al though differences were 
not s igni ficant , the consistent] y higher numbers of 
erythrocytes in the SFSR group as compared with the 
PVC group are substantiated by the s igni ficant l y  
l ower l eve l s  of pl asma hemog l obin , indicating l ess  
erythrocyte damage in the SFSR tubing group . An 
unexpected observation was the ini tial , revers ibl e ,  
decrease in the number o f  c ircul ating erythrocytes in 
the SR  material series , the di fference with the SFSR 
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series be ing stati s tical l y  signi ficant at five 
minutes . During the first days a fter the experiment 
an anal ogous difference was encountered between SFSR 
and SR material s .  It must there fore be concl uded that 
the ini tial , obviousl  y mos tl y subl ethal , damage is  
re sponsib l e  for the temporar i l y  more pronounced 
anemia in the SR group . The l e s s  inj urious properties 
of the SFSR may be rel ated to the fact that the 
mater ial does not contain addi tive s 1 ike peroxide , 
which are otherwise added for crossl inking ( S tevenson 
et al . ,  1 9 7 7 ) . On the other hand , the l eaking of 
chemical s such as pl asticisers from PVC tubing in to 
the bl ood al so adds in some degree to the increa sed 
hemo l y s i s  measured in the PVC circuit (Wi e l ogorski et  
al . ,  1 9 7 6 ) . As far as erythrocyte behaviour is  
concerned , SFSR must be  considered the better hemo
compatib l e  material . 

Leukocyte numbers - Limited information is  avai l 
ab l e  about the interact ion between l eukocytes and 
different foreign sur faces . Chawl a ( 1 9 7 8 )  showed 
experimental l y  that SFSR is better than SR material 
as far as l eukocyte to foreign sur face interaction is  
concerned . This conc l us ion wa s based on  his observa
t ion that SFSR material that had been in contact with 
canine bl ood in a test cel l under wel l de fined 
cond itions did not show any adhered l eukocytes ,  
whereas some adhered cel l s  were seen on the SR 
mater ial . Chawl a al so not iced sign s of degeneration 
in the se adherent l eukocytes . In 3 . 5 . 1 , 5 .  we reported 
that the initial dip in l eukocyte numbers is ma inl y 
material dependent . Th i s  dependence is  refl ected in a 
much deeper initial dip in l eukocyte numbers in the 
PVC experiments than in the other groups . The di ffer
ences in the cour ses during the rest of the day of 
the experiment cannot ea s i l y  be accounted for . 
D i f ferences in adherence of l eukocytes to foreign 
mater ial s may be invo l ved ( Chawl a ,  1 9 7 8 ) . Despite 
differences in l eukocyte numbers during the day of 
the experiment , af ter the operation the series show 
equal patterns and numbers indicating a comparab l e  
degree of l eukocompatibi l ity for the three material s .  

3 . 6 .  CONCLUS IONS 

To demonstrate the general behaviour of bl ood when 
expo sed to an ECC a detail ed de scription is given of 
the change s caused by a rel ative l y  simpl e extracorpo
real c ircuit cons isting of PVC tubing and a ro l 1 er 
pump . This ba sic extracorporeal circuit doe s not 
provide spectacul ar damaging effects . Yet , the 
circuit contributes to the overal 1 damage caused by 
the heart-l ung machine . There fore it is of importance 
to incorporate the l east traumatic tubing and bl ood 
pump avail abl e .  Compari son of several tubing systems 
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under standardi zed 
s i l ica free s i l i cone 
pre ferred to s i l ica 
PVC s ince : 

conditions has reveal ed that 
rubber ( SFSR materia l )  is to be 
fi l l ed s i l icone rubber ( SR) or 

1 .  concerning thrombocytes :  SFSR give s better resul ts 
than SR in pre serving both numbers and function 
and both material s are superior to PVC 

2 .  concerning erythrocytes :  SFSR has more favourabl e  
characteristics than S R  and PVC material s 

3 .  concerning l eukocytes : SFSR and SR are more com
patib l e  than PVC . 

I n  further deve l opments more improvements in tubing 
material s are l ikel y .  Production of material s that 
preferential l y absorb al bumin and that are produced 
without fil l er material or peroxide crossl inking 
techniques may l imit the damage to thrombocytes and 
erythrocytes and consequent l y  decrease the risks for 
hemorrhages and anemia for the patient . However , 
s ince other parts of the extracorporeal c ircuit such 
as oxygenators and suct ion ( chapters five and s ix )  
pl ay a predominant ro l e  i n  caus ing bl ood damage , onl y 
1 imi ted advantage can be expected from improvements 
in tubing material a l one . 
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CHAPTER 4 :  INFLUENCE OF THE BLOOD PUMP 

4 . 1 .  PREFACE 

This chapter wil !  describe the hematological 
alterations caused by three d i f ferent blood pumps : 
roller pump , rotor pump and centri fugal pump . 

4 . 2 .  SERIES IV : ROLLER PUMP VS SERIES I I : ROTOR PUMP 

4 . 2 . 1 .  Introduct ion 

In paragraph 4 .  2 .  two di fferent type s of blood 
pumps are compared in otherwi se identical c ircuits 
cons i s t ing o f  SFSR tubing ( see figure 2 . 5 . 2 . ) . In  one 
series an almost completely occlusive double head 
rol !er pump ( 2 .  3 .  2 .  1 .  ) was employed , whi le in the 
other series a navel rotor type of pump was incorpo
rated ( 2 . 3 . 2 . 2 . ) .  In the latter the blood is pumped 
by a rotor with three roller heads which push the 
blood forward at a rel atively low speed . 

Bath series consist of s ix experiments .  All dogs 
were long term survivors and no complications were 
encountered . 
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4 . 2 . Series IV : roller pump vs series I I : rotor pump 

th rombocytes [%) 
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F igure 4 . 2 . 2 . Percentage of thrombocyte number 
After initiation of an ECC with a roller pump the 

number of thrombocytes immediate ly fe ll  to 4 9 % 9 of 
the initial count correspond ing to about 1 1 0  x 10  / 1 .  
The c ircuit with the rotor pump showed a signi ficant
ly less pronounced initial dip to 7 3  % ( p< 0 . 0 1 ) . 
After the se ini tial dips bath serie s showed rapid 
restoration and from 3 0  mins onwards t i l l  the end of 
the ECC period the number of circulating thrombocyte s 
in bath series stab i l ized on a leve l o f  about 9 0  % .  

After the circuit had been disconnected , the number 
gradually decreased and reached a minimum value of 
46 % in the roller pump series on day one after the 
operation . With the rotor pump , however ,  the thrombo
cyte number first s l ight ly increa sed after ECC but 
then decrea sed to a less pronounced minimum of 6 4  % 
on day one . I n  bath series these minima were fol lowed 
by gradual recoveries of numbers to normal percent
age s ,  which were reached on day six after the opera
t ion . S ignificant di fferences between the series were 
found on days one and two ( p < 0 . 0 5 ) . 
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4 . 2 .  Series IV : roller pump vs series I I :  rotor pump 
thrombocyte funct ion : oomax l % 1 
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F igure 4 . 2 . 3 .  Percentage o f  thrombocyte function : 

ODmax 
Irnrned iately a fter the ECC wi th the rol ler pump in 

the c ircuit had been started , thrombocyte function 
was largely depres sed to 6 % ,  but it quickly recov
ered to the normal preoperat ive value . From 6 0  mins 
of ECC onwards the ODmax gradually decreased to a 
minimum of 4 4  % a fter 2 4 0  mins . In  the rotor pump 
series the course of thrombocyte function showed an 
initia! decrease to 4 6  % fol lowed by a stable leve l 
of about 6 0  % unti l  the end of ECC . After di sconnec
tion of the c ircuit ODmax s l ightly decreased to 
a lmost the same minimum ( 4 2 % )  at 2 4 0  mins as has 
been observed in the roller pump series . In  bath 
series comparable patterns of gradual recovery 
followed these minima . On day s ix after the operation 
preoperative values of ODmax were rega ined . 

S igni ficant d i f  ferences between the series were 
only present during the ECC period after five 
( p < 0 . 0 1 )  and 6 0  mins ( p < 0 . 0 5 ) . 
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4 . 2 .  Series IV : roller pump vs series I I : rotor pump 
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F igure 4 . 2 . 4 .  B leeding time 

5 t ime 

The bleeding times showed the same course in bath 
series . At the end of the day of the experiment 
bleeding times were s lightly higher than the preoper
ative values , but s t i l l  within the normal range . At 
all  other moments the bleeding times remained between 
1 - 2 mins . 
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4 . 2 .  Series IV : roller pump vs series I I : rotor pump 
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F igure 4 . 2 . 5 .  Percentages of hematocrit and 
erythrocyte number , and leve l of plasma 
hemoglobin 

The hematocri t showed s igni ficant di fferences 
( p < 0 . 0 1 )  between the curve s during the first hour of 
ECC as a result of di fferences in hemodi lution ( see 
paragraph 2 . 2 . 4 . ) . In the roller pump series the 
hematocrit initial ly decreased to 8 5  % but then 
gradually increased to 1 0 0  % at the end of the day . 
However ,  in the rotor pump series no changes were 
noticed during the day of the exper iment . After the 
operation the hematocrits showed the same patterns as 
the erythrocyte numbers : in the rotor pump series 
leve l s  of around 85 % were measured compared with 
about 75 % in the roller pump series . Preoperative 
va lues were reached a fter three weeks . Only on day 
six a fter the operation the di fference between the 
series was sign i fi cant ( p < 0 . 0 5 ) . 

In  the experiments with the ro l ler pump the number 
of erythrocytes was on ly s l ightly below 1 0 0  % during 
the day of the experiment . Numbers decreased during 
the days after the operation to values of around 75 % 
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and reached preoperat ive percentages a fter three 
weeks . In the experiments in wh ich the rotor pump wa s 
incorporated in the ci rcuit the number of erythro
cytes did not show any change s during the day of the 
experiment . After the operation more important 
di fferences were noted : the rotor pump series showed 
a decrease to stabi l i zed leve l s  of about 9 0  % for a 
period of one week only , s igni ficantly higher than 
leve ls  of about 7 0  % in the roller pump series 
( p < 0 . 0 5 ) . 

P lasma hemoglobin leve l s  increa sed s l ightly in bath 
series from 1 . 5  µg/ l be fore perfus ion to 4 -5 µ g / l  at 
the end of ECC , while 3 - 4  µ g / l  was measured at the 
end of the day . During the subsequent days norma l 
levels  were asses sed . 
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4 . 2 .  Series IV : roller pump vs series I I : rotor pump 
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Figure 4 . 2 . 6 .  Percentage of leukocyte number 
In the ro l ler pump series of exper iments the number 

of leukocytes increased to a maximum leve l of 3 3 2  % 
on day one a fter the operation . The initial leukocyte 
count wa s regained after week two . In contrast to 
this group the rotor pump series of exper iments 
showed a s igni ficantly lower course dur ing the whole 
period ( p < 0 . 0 5 ) . During perfus ion with the rotor pump 
there were only minor changes . After disconnection 
numbers increased and reached a maximum of 1 9 7  % on 
day one after the operat ion . Thereafter the s ame 
pattern was observed as in the roller pump series and 
preoperative level s  were regained after the first 
week . 
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4 . 3 .  SERIES V :  CENTRIFUGAL PUMP VS SERIES I I : ROTOR 
PUMP . 

4 . 3 . 1 .  Introduction 

Paragraph 4 . 3 .  describes the hematological e f fects 
of the centri fugal pump in compari son to the rotor 
pump as has been described in paragraph 4 . 2 . For both 
types of pumps SFSR tubing has been employed . In all  
s ix experiments the speed of the centri fugal pump has 
been maintained at about 7 0 0 0  rpm , equivalent to a 
bloed flow rate o f  about 3 0 0 0  ml /min . 

In  the animal s  no complications were encountered 
and all  dogs were long term survivors .  However , a fter 
four experiments a smal l  thrornbus was found behind 
the rotor impel ler of the centri fugal pump . 
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Figure 4 . 3 . 2 .  Percentage o f  thrombocyte nurnber 
The initiation of ECC with the use of a centri fugal 

pump resulted in an irnmediate and sharp drop in the 
nurnber of c irculating thrombocyte s to 1 4  % .  After 5 
and 1 5  mins the thrombocyte percentages were s igni fi
cantly lower than in the rotor pump series ( p < 0 . 0 0 1 ) . 
From 6 0  mins onwards to the end of the ECC per iod 
both series had equal level s  of about 8 6  % • After 
disconnection of the ECC the number of thrombocyte s 
in the centri fugal pump series showed a gradual 
decrease wi th a minimal value of 4 1  % on day one 
a fter the operation . Thi s  was s ignificantly lower 
than the level of 6 4  % measured in the rotor pump 
series ( p< O . 0 5 )  • I n  the farmer the subsequent in
crease re sul ted in an overshoot of thrombocyte s to 
about 1 2 0  % on days five to seven . After two weeks 
preoperative values were found . 
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4 . 3 .  Series V :  centri fugal pump 
thrombocyte functlon : ODmax [% ) 
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F igure 4 . 3 . 3 .  Percentage of thrombocyte funct ion : 

ODmax 
During ECC with the centrifugal pump the course o f  

thrombocyte funct ion was closely re lated to that o f  
the number of thrombocytes : a deep i n i  t i a l  dip to 
almo st zero was followed by a quick recovery to a 
s table level of 7 5  % during the second hour of ECC . 
In  contrast the rotor pump series showed a s igni fi
cantly smaller initial dip to 46 % ( p < 0 . 0 0 1 )  with a 
stable leve l of about 6 0  % ODmax from 3 0  mins on
wards . After disconnection of the ECC both curve s 
tended to decrease . From day one a fter the operation 
the functions were identical in bath groups and 
preoperative va lues were measured from day s ix 
onwards . 
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4 . 3 .  Series V :  centrifugal pump 
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Figure 4 . 3 . 4 .  B leeding t ime 

The bleeding t imes showed s imilar results in both 
series . At the end of the day of the experiment a 
s l ight increase was found , but s t i l l  norma l values of 
about 2 mins 15 secs were obtained . At all other 
moments bleeding times were be tween 1 - 2 mins . 
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Figure 4 . 3 . 5 .  Percentages of hematocrit and erythro
cyte number , and level of plasma 
hemoglobin 

During the day of the exper iment hematocri t per
centages showed the s ame di fferences between both 
groups as described in paragraph 4 . 2 . 5 .  The se di ffer
ences were caused by the di fferences in the priming 
procedure . During the first week after the experiment 
the hematocrit in the centrifugal pump group showed a 
s table leve l of around 7 8  % ,  lower than the values of 
about 85  % in the rotor pump series . 

The erythrocyte number in the centri fugal pump 
experiments showed a minimal decrease to 9 7  % during 
the early stage of ECC . This minor decrease was not 
observed in the rotor pump series . During the rest of 
the day a level of about 1 0 0  % was me asured for both 
groups . In the days after the experiment the centri f
ugal pump experiments revealed a decrease in numbers 
to about 8 0  % for a period of a week , in contrast to 
8 5 - 9 0  % in the rotor pump series . 

Normali zation occurred during the fol lowing weeks . 
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During the first week s igni ficant differences wer� 
found between both groups ( p< 0 . 0 5 ) . 

The level of plasma hemoglobin was s igni ficantly 
increased in the centrifugal pump series and showed a 
value of 1 7  µ g / l  at the end of the ECC per iod . The 
fol lowing decrease resulted in a value of 1 3  µ g/ l  at 
2 4 0  mins . From day two onward s normal values were 
regained . S ign i f icant di fferences with the minimally 
changed levels  of the rotor pump group were apparent 
after 1 2 0  ( p < 0 . 0 0 1 )  and 2 4 0  ( p < 0 . 0 1 )  mins and on day 
one ( p< 0 • 0 1 )  . 
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F igure 4 . 3 . 6 .  Percentage of leukocyte number 
The centrifuga l  pump experiments showed a minor 

initial dip in the number of circulating leukocytes ,  
fol lowed by a stable level of about 9 0  % for a per iod 
of one hour and a gradually deve lop ing leukocytos i s  
thereafter . The maxima l value of 2 7 3  % was reached 
after 2 4 0  mins . In the days after the exper iment a 
somewhat irregular pattern was found with another 
max imum of 2 1 0  % on day five . The preoperative value 
was recorded after three weeks . Cornpared to the rotor 
pump series , the course during ECC was s imi lar , but 
the leukocytos i s  after the operation was more promi
nent and s igni ficant di fferences were ca lculated 
after 1 8 0  and 2 4 0  rnins and on days two to four after 
the operation ( p < 0 . 0 5 ) . 
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4 . 4 .  DISCUSSION 

Number and function of the thrombocytes - Compari
son of the three di fferent types of b l ood pump in 
equal SFSR circuits under standardi zed condit ions 
provide s quant itative di fferences in hematol og ical 
response . As far as thrombocyte numbers are con
cerned , the rotor pump showed the 1 east pronounced 
initial and secondary dips . The centrifuga l pump , on 
the other hand , resul ted in the most expre ssed ini
tial and secondary dips together with an over shoot in 
number at the end of the first week . Re su l t s  obtained 
in the rol l er pump series were somewhat in between . 
Anal ogous quantitative di fferences between the groups 
were seen in the initial dip o f  the thrombocyte func
tion . The se paral l e l  a l terations in number and func
tion indicate that particul arl y the centri fugal pump 
and , to a l es ser extent , the rol l er pump initiate a 
mas s ive intravascul ar thrombocyte aggregation at the 
onset of pumping . For the se two type s of pump the 
initial l y  mass ive aggregation is fol l owed by higher 
thrombocyte functions during the remaining period o f  
perfus ion than for the initial l y  l e ss  affected func
t ion in the rotor pump serie s . The phenomenon of the 
ini tial  dip has been exp l ained in 3 .  5 .  1 .  1 .  by the 
re l ease of bioamines ,  ma in l y  originating from the 
mass  of erythrocytes . 

The di fferences in pl ate l et re sponse between the 
three groups can be attributed to di fferences in 
mechanical force between the pumps that cause d i f fer
ences in fl uid shear stres s  (Col antuoni et al . ,  1 9 7 7 ; 
Lambert , 1 9 7 9 ; Mockros et al . ,  1 9 7 9 ; Schmid-Schönbein 
et al . ,  1 9 7 9 ) , to d i f ference s  in exposure t ime s 
during which high shear stre s s  i s  exerted upon the 
bl ood cel l s  ( Friedman et a l . ,  1 9 7 0 ; 1 9 7 1 ;  Col antuoni 
et al . ,  1 9 7 7 ; Hel l ums et al . ,  1 9 7 7 ; 1 9 8 0 ; Lambert , 
1 9 7 9 ) , and to occ l u s ive or non-occl usive sett ing o f  
the pump ( Bernste in et al . ,  1 9 6 7 ) . 

B l eeding t ime - The minimal change s in the bl eeding 
t imes , measured shortl y  a fter extracorporeal c ircul a
tion , indicate that the a l  terations in thrombocyte 
behaviour do not cause ser ious impairment of hemo
stas is . 

However , in four instances a smal 1 thrombus wa s 
found behind the rotor impe l l er of the centri fugal 
pump after termination of ECC . S imi l ar observations , 
which have been made bath experimental l y  (Bernstein 
et al . ,  1 9 7 5 )  and c l inical l y  (Pennington et al . ,  
1 9 8 2 ) , imp l icate that the coagul ation sys tem is  more 
active l y  stimul ated by th i s  centri fugal  pump than by 
the rol l er and the rotor pumps . 

Number of erythrocytes - The damage of red cel l s  is 
quantitativel y  re fl ected in the l evel s of pl a sma 
hemogl obin , which during perfus ion showed the 
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cl earest rise in the experiments with the centri fugal 
pump . In particu l ar the sea l s in the centri fugal pump 
must be cons idered the ma j or cause o f  erythrocyte 
damage ( Johnston et al . ,  1 9 7 6 )  because of heat 
generat ion ( Be l enger et a l . ,  1 9 8 1 ;  1 9 8 2 )  and high 
shear stres ses (Dorman et a l . ,  1 9 6 9 ; Ol i j sl ager , 
1 9 8 2 ) . 

The four times l ower val ues of pl asma hemogl obin in 
the rol l er pump and rotor pump series indicate that 
these pumps cause l e s s  damage to the erythrocytes 
than the centri fugal pump . The occurrence of more 
severe postoperat ive anemia in the centri fugal pump 
and the rol l er pump series than in the rotor pump 
series has been exp l a ined by the earl y removal of 
( sub) l ethal l y  damaged cel l s  dur ing perfus ion 
( 3 . 5 . 1 . 4 . ) . The se observations reveal that the rotor 
pump has the mo st favourabl e  properties for red 
ce l l s .  The rol l er pump ranks l ower and the centri fu
gal pump is the mo st del eterious type . D i fferences 
are most l ike l y  rel ated to l ower shear stre s ses 
induced by the rotor pump to the bl  ood el  ement s ,  
because compl ete oce l  usion of the tub ing does not 
occur and because the rotor pump operates s l owl y at 
maximal l y  50 rpm . Support for this  as sumption is 
given by the work of Ol i j s l ager ( 1 9 8 2 ) , who te sted a 
s imil ar setup , a l so cons i sting of tubing and a rol l er 
pump , on dogs . However , he empl oyed bl ood f l ows of 
4 0 0  ml /min in contrast to 3 0 0 0  ml /min in our experi
ments . He found that the initial and secondary dips 
in the p l ate l et parameters were absent . P l asma 
hemog l obin concentrat ions were al so l ower and the 
anemia a fter the experiment was l e ss  expre ssed . 
Ol i j s l ager exp l ained the sma l l er degree o f  bl ood cel l 
damage in h i s  experiments by l ower shear stre sses 
imposed on the b l ood . 

Number of l eukocytes - According to Mcintire et al . 
( 1 9 8 0 ) , l eukocytes appear to be the mo st sensitive 
cel l ul ar e l ements to shear stre s s  induced trauma . In 
an extens ive review of the rel ation between such 
mechanical trauma and l eukocyte dys function the se 
inve st igators have described the commonl y encountered 
features , al so observed in our experiments , of an 
initial and rapid ECC induced drop in the number of 
po l ymorphonuc l ear ( PMN) l eukocytes , fol l owed by a 
compensatory increase in the number of c ircul at ing 
immature PMN l eukocytes . 

The observation in our exper iments that al 1 three 
type s of bl ood pump show identical initial dips in 
the numbers of circul ating l eukocyte s is in agreement 
with reports ( see 3 . 5 . 1 . 5 . )  that the initial dip is  
ma inl y  dependent on  the mater ial of the circuit . In 
the present exper iments the material was unvariabl y 
SFSR.  

The measured di fferences in the degree of l eukocy-

- 9 8  -



tos i s  after the exper iments refl ect the degree of 
shear stre ss  infl icted by the di fferent bl oed pumps . 
The l e s s  pronounced l eukocytos i s  in the rotor pump 
serie s in compari son with the two ether pump series 
is expl ained by the l ower shear stre s s e s  induced by 
the rotor pump and the l ower compensatory increase s . 

4 . 5 .  CONCLUS IONS 

From the experiments with the three bl oed pumps it 
can be concl uded that concerning thrombocytes ,  eryth
rocytes and l eukocyte s the rotor pump shou l d  be con
sidered a better choice than the rol l er pump , and 
that the centri fugal pump is the most traumatiz ing 
one , predominant l y  at the seal s .  However ,  as wa s the 
case for the improvements gained by al terations in 
the tubing ma terial , on l y 1 imi ted advantage can be 
expected from optima l i z at ion o f  the b l oed pump in an 
extracorporeal c ircuit , s ince other parts in that 
c ircuit such as oxygenators ( chapter 5 )  and suction 
( chapter 6 )  al so pl ay a rol e in caus ing bl ood damage . 
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CHAPTER 5 :  INFLUENCE OF THE OXYGENATOR 

5 . 1 .  PREFACE 

This  chapter describe s the hematological alter
ations caused by di fferent oxygenators ( one bubble 
oxygenator and two membrane oxygenators ) in standard 
circuits and in the optima l  c ircuit . 

5 . 2 .  SERIES VI : BO VS SERIES VII : TMO 

5 . 2 . 1 .  Introduction 

Paragraph 5 . 2 .  wil l  present the results of the 
series of experiments in which either a conventional 
bubble oxygenator ( Temptrol type Q 1 1 0 )  (BO )  or a 
membrane oxygenator (Modulung-Te flo 2 .  2 5  m2 ) ( TMO ) 
was employed . For reasons of comparison the BO and 
the TMO were interconnected in the same standard 
c ircuit consisting of PVC tubing and two ro l ler pumps 
( see 3 . 2 . ) . With the bubble oxygenator , wh ich is  an 

open sys tem , a third rol ler pump was needed in order 
to overcome the pres sure of the arterial reservoir 
( figure 2 .  5 .  5 . )  . 

In  the BO series five out of six dogs survived ; one 
dog died 1 2  days after ECC because of infection . In 
the TMO experiments a l l  s ix dogs were long term 
survivors without compl icat ions . 
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Figure 5 . 2 . 2 .  Percentage of thrombocyte number 
The initiation of ECC with either a BO or a TMO in 

the c ircuit resul ted in an immediate and sharp drop 
in the number of c ircul ating thrombocyte s to compara
b l e  va l ues of 2 1  % and 27 % respectivel y . 9The se per
centage s correspond with about 50 x 1 0  / 1  thrombo
cyte s . In the TMO experiments a rapid recovery 
occurred after this pronounced ini tial dip and from 
3 0  mins onwards to the end of the ECC period the 
number of circul ating thrombocytes remained on a 
stabl e l eve l of about 7 0  % .  In contrast , in the BO 
serie s onl y  a minor recovery was observed after the 
initial dip , resul ting in stabi l i zation on a l evel o f  
about 2 9  % .  The se di fferences between the two series 
were high l y  s ign i ficant ( p < O . 0 0 1 )  . After di sconnec
tion o f  the circuit numbers in the TMO series in
creased to 92 % after 1 8 0  mins and then gradual l y  
decrea sed to 4 6  % o n  day one and to a secondary dip 
of 4 2  % on day two a fter the operation . In  the BO 
series the number did not increase after disconnec
tion of the ci rcuit , but decreased and reached 9 a 
secondary dip of 1 2  % ( equival ent to about 2 5  x 1 0  / 1  
thrombocytes )  on day one . S tati stica! l y  s ign ificant 
di fferences between the groups were maintained during 
this period ( p <0 . 0 0 1 ) . After the se minima numbers in 
both series equal l y  increased unt i l  preoperative 
val ue s  were measured on day 1 4 . D i f ferences between 
both curve s rema ined s igni ficant on days one 
( p < 0 . 0 0 1 ) , two ( p < 0 . 0 1 ) , and four ( p < 0 . 0 5 ) . 
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F igure 5 . 2 . 3 .  Percentage o f  thrombocyte funct ion : 
ODmax 

Immediately a fter ECC had been started with a BO , 
thrombocyte function wa s completely depre ssed and 
remained so during the day of the experiment , even 
after disconnection of the c ircuit . In contrast , 
thrombocyte function in the TMO series initially fe ll  
to  2 2  % at 1 5  mins and then recovered to  47  % at the 
end of the bypas s  period . After disconnection ODmax 
decreased and reached its minimal value of 2 2  % at 
2 4 0  mins . During the days after the experiment ODmax 
increa sed in both series : in the TMO group ODmax 
reached 1 0 0  % on day s ix , whi le in the BO experiments 
a continuing increase was observed with an overshoot 
to 1 5 5  % on day 1 4  after the operation . The observed 
di fferences were stati stically s ign i f icant during the 
whole experimental period of three weeks ( p < 0 . 0 1 ) . 
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Figure 5 . 2 . 4 .  B l eeding time 
In the TMO series the mean bl eeding time showed a 

s l ightl y  el evated val ue of about four mins after the 
neutra l i zation of the heparin , but the next day it 
had returned to the normal range . However , in the BO 
series the bl eeding time was greatl y prol onged to 
val ues of over 1 5  mins for the period of the day of 
the experiment and day one . After that a gradual 
improvement was measured , but preoperative val ues 
were not reached until  day five . The maj or di ffer
ences between the groups were stat istical l y  highl y 
s igni ficant during th i s  period of four days 
( p < 0 . 0 0 1 ) . 
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Figure 5 . 2 . 5 .  Percentage s of hematocrit and erythro-

cyte number , 
hemoglobin 

and level of plasma 

During the day of the experiment the hematocri t 
showed the same curve for both series : an immediate 
decrease to 75 % as a result o f  hemodi lution was 
fol lowed by a gradual increase to about 80 % .  During 
the first week after the operation no clear changes 
were observed for the TMO group , whereas in the BO 
group the hematocrit showed another decrea se and 
stab i l i zed between 6 0  and 6 5  % for a per iod of one 
week . The di fferences between both groups were 
significant on days two and four ( p < 0 . 0 5 ) . From the 
second week onwards hematocrits gradually increased 
and preoperative values were measured a fter three 
weeks . 

I n  the TMO group the number of erythrocytes first 
showed a s l ight increase and reached a stable leve l 
o f  1 0 5 - 1 1 0  % unt i l  the end of the day of the experi
ment . I n  the BO group the number of erythrocyte s 
ini tially showed no changes but tended to decrease 
after 1 8 0  mins . At 2 4 0  mins 9 7  % was measured , which 
was s ign ificantly lower than 1 1 0  % in the TMO group 
( p <0 . 0 5 ) . In the day s after the experiment decreases 

were ob served in both groups to values o f  about 75  % 
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( TMO ) and 6 5  % ( BO )  • S imi lar difference s  of 1 0 - 1 5  % 
were maintained during the further course , but only 
on day four there was a s tati stically significant 
difference ( p < O . O S ) . From day s ix onwards number s 
increased and preoperative values were found after 
three weeks . 

The p lasma hemoglobin showed concentrations below 2 
µmol / l  be fore ECC . At the end of ECC 1 3 5  µ mol / l  was 
found in the BO series in contrast to only 1 0  µ mol / l  
i n  the TMO series . At 2 4 0  mins plasma hemoglobin 
leve ls  in the BO group had decreased to 9 5  µ mo l / l  but 
statistical di fferences were ma intained unti l  norma l 
values were ree stab l ished on day two ( p < 0 . 0 0 1 ) . 
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F igure 5 . 2 . 6 .  Percentage of leukocyte number 

During the whole period of three weeks s imilar 
patterns of change s in leukocyte numbers were ob
tained for both the BO and the TMO serie s . Initial 
decreases o f  2 0 - 4 0  % were fol lowed by stable levels , 
which were somewhat higher in the TMO group ( around 
1 0 0  % )  than in the BO group ( around 7 0  % ) , but thi s  
d i f ference was only statistically significant at 3 0  
mins ( p < 0 . 0 5 ) . After di sconnection o f  the c ircuit a 
steady increase was seen in both groups with a 
maxima l 9 leukocytos i s  o f  about 3 1 0  % ( equivalent to 
30 x 1 0  / 1  leukocytes )  on day one . Then the numbers 
of leukocytes decreased to 1 75 % on day four , but 
rose to about 2 5 0  % on day six and f inally a gradual 
decrease occurred unt i l  preoperative value s were 
rneasured a fter three weeks . 
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5 . 3 .  SERIES VI I I : TMO IN OPTIMAL CIRCUIT VS SERIES 
V I I : TMO 

5 . 3 . 1 .  I ntroduction 

This  paragraph wi l l  describe the re sul ts of the 
experiments in which the optimally hemocompatible 
components of the extraco'rporeal circuit are com
bined : s i l ica free s i l icone rubber tubing ( see 3 .  3 .  
and 3 . 4 . ) , the rotor pump ( see 4 . 2 .  and 4 . 3 . )  and a 
membrane oxygenator ( see 5 . 2 . ) . The results of these 
experiments are compared to these of the same oxygen
ator ( TMO ) but in the standard circuit of PVC tubing 
and roller pumps ( see 5 . 2 . )  to quanti fy the contr ibu
tion of the circuit components to the bloed damage . 

Both series consisted of s ix exper iments in which 
all dog s were long term surv ivors and no complica
tions were encountered . 
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Figure 5 . 3 . 2 .  Percentage o f  thrombocyte number 
During ECC there were no d i f fe rences in the numbers 

of circul ating thrombocyte s between the two groups : 
in both of them an ini tial  dip to about 3 0  % was 
fol l owed by a stabl e l evel of about 7 0  % .  After 
di sconnection of the c ircuit , however , the number 
initia l l y  increased in the TMO in standard c ircuit 
series in contrast to a decrease in the TMO in 
optimal c ircuit series . At 2 4 0  mins s igni f icant 
differences were noted between the val ues of 78 % and 
57 % respectivel y  ( p < 0 . 0 1 } . The fol l owing day s  showed 
a reverse s i tuation . The thrombocyte number in the 
TMO in optimal c ircuit series stead i l y  increased , 
whereas the number in the TMO in standard circuit 
series sharp l y decreased to a secondary dip of 4 2  % 
on the second day . After that numbers recovered in a 
paral l e l  way . The di fferences between both groups 
were s ign i ficant during days one to four ( p < 0 . 0 5 } . 
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F igure 5 . 3 . 3 .  Percentage of thrombocyte function : 
ODmax 

For the function of the thrombocytes almo st inden
tical curves were obtained in both groups . Initial 
minima of 5 and 2 4  % were fo l lowed by increases to 
4 0  % at the end of the ECC per iod and sub sequent de
creases to 20 % at 2 4 0  mins . After these secondary 
dips the ODmax increased during the fol lowing days 
and from day five onwards norrna l values between 
9 5 - 1 2 0  % were measured . 
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F igure 5 . 3 . 4 .  B leeding t ime 
Both the TMO in standard ci rcu it group and the TMO 

in optima l c ircuit group showed equal patterns in the 
b leeding t ime curves throughout the experimental 
per iod . Only at 2 4 0  mins were s l ightly lengthened 
bleeding time s of about four mins observed but all  
other values were within the normal range . 
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F igure 5 . 3 . 5 .  Percentage s of hematocrit and erythro-

hemogl ob in 
D i fference s in hemod i l ution ( see 2 . 2 . 4 . )  caused 

differences in hematocri t decrea se : in the TMO in 
opt imal c ircuit group the hematoc rit initial l y  fel l 
to 8 4  % and in the TMO in standard circuit group to 
75 % .  However ,  a fter that an increase was measured in 
the optimal circuit group , whereas the hematocri t 
rema ined on the 7 5  % l evel in the standard circuit 
group . During the first week after the exper iment the 
hematocrit sl ightl y decreased in the optima] circuit 
group , but the val ues remained s ignificant l y  higher 
( p < O . 0 5 )  than in the TMO in standard circuit group . 
In both groups preoperat ive hematocrits were regained 
a fter three weeks . 

In  the TMO in opt imal c ircuit series the number of 
circul ating erythrocytes showed few change s during 
the day of the experiment . The TMO in standard 
c ircuit group had s l ightl y el evated val ues of about 
1 1 0  % erythrocyte numbers during the day of the 
experiment . Onl y  at 1 2 0  and 1 8 0  mins cou l d  a s igni fi
cant difference be cal cul ated between the groups 
( p < O . 0 5 )  . But during the days after ECC the 1 atter 
series showed the l ower curve : decreased va l ues of 
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about 7 5  % erythrocytes were measured for a period o f  
one week , in contrast t o  the TMO in optima! c ircuit 
group wh ich showed a stable leve l of about 85 % in 
the same period . However , the d i f ferences between 
both group s were not sign i ficant . After the first 
week numbers in both groups increased to preoperative 
value s . 

In  both series the plasma hemoglobin showed sl ight
ly elevated concentrations at the end of ECC : the 
leve l of 5 . 4  µ mol / l  in the TMO in optima! circuit 
series was lower than the 9 .  3 µ mol/  1 in the TMO in 
s tandard c ircuit series , but thi s  difference was not 
s ign i ficant . At 2 4 0  mins the leve ls  had partially 
decreased and from day one onwards all values were 
within the normal range . 
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Figure 5 . 3 . 6 .  Percentage of l eukocyte nurnber 
In  bath series s irnil ar initial dips to about 50 % 

were observed , fol l owed by recoveries to about 
preoperative values ( 1 0 0 - 1 2 0  % )  at the end of the ECC 
per iod . The restoration of nurnber occurred more 
quick l y  in the TMO in standard circuit series than in 
the TMO in the optirnal c ircuit series . After discon
nection of the c ircuit bath groups showed cornparab l e  
increases in nurnbers with a rnaxirnal l eukocytosi s  o f  
3 0 6  % and of 2 4 1  % o n  days one and two respective l y .  
Thereafter i n  bath series nurnbers decreased to about 
1 6 5  % on day four a fter the operation . A second 
increase on days five and s ix was measured be fore the 
l eukocyte s gradual l y  decreased to norma l numbers 
a fter three weeks . Onl y dur ing the ear l y  ECC period 
cou l d  s igni ficant di fferences be observed ( p < 0 . 0 5 ) . 
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5 . 4 .  SERIES IX : KOLOBOW MO VS SERIES VI I I : TMO IN 
OPTIMAL CIRCUIT 

5 . 4 . 1 .  Introduction 

In thi s  paragraph the results are presented of the 
S c i-Med spiral coi l  s i l i cone rubber MO (Kolobow MO) 
( 2 . 2 5 m2 ) in comparison with the TMO ( series VII I ) , 
consisting of 2 .  2 5  m2  Teflon microporous membrane s .  
Both type s of oxygenator were interconnected in the 
same extracorporeal c ircuit as used in 5 .  3 .  , which 
consists of s i l ica free s i l icone rubber tubing and 
the rotor pump . 

All  s ix dogs in both the Kolobow MO and the TMO 
series were long term survivors without complica
tions . 
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Figure 5 . 4 . 2 .  Percentage of thrombocyte number 
During extracorporeal circul ation differences were 

not detected in the number of circul ating thrombo
cytes between the Kol obow MO series and the TMO 
series : equal ini tial  dips we re fo l l owed by equal 
stabl e l eve l s  of about 70 % between 60 and 1 2 0  mins . 
In  the earl y period after disconnection of the 
c ircuit the thrombocyte number in the Kol obow MO 
series decreased to val ues 1 0 - 2 0  % l ower than in the 
TMO series and at 1 8 0  mins th is  difference was 
stati stical l y  s igni ficant ( p < 0 . 0 1 ) . After that the 
TMO series showed a gradual increase to normal va l ues 
on day four , whereas the Kol obow MO series decreased 
to a secondary dip of 34 % on day one after the 
operation . Thi s  dip was fol l owed by a regu l ar pattern 
of recovery which was l ocated 2 0 - 2 5  % bel ow the curve 
of the TMO series . Preoperat ive val ues were reached 
on day six . S igni ficant di fferences between both 
group s were apparent on days one , two , four , and five 
( p < 0 . 0 5 ) . 
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The Kolobow MO series showed a s l ight ly less 
pronounced initia! dip to 18  % but otherwise fol lowed 
the pattern of the TMO in optima! circuit group . In  
bath groups partial recoveries to 40  % at 6 0  mins 
were fol lowed by gradual decreases with minima of 
about 20 % at 2 4 0  mins . During the pos toperative days 
a fter ECC bath curves were a l so equal and preopera
ti ve value s were reached on day four . 
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F igure 5 . 4 . 4 .  B leeding t ime 
For both series of  experiments the same general 

pattern was found . S l ightly lengthened va lues o f  
about four mins were measured a t  the end o f  the day 
of the experiment . On day one after the operation 
the se values had decreased to two mins in the TMO 
serie s and one min in the Kolobow MO series . The same 
dif ference per s i s ted on day two . Hereafter values of  
6 0 - 9 0  sec s  were measured . 

- 1 1 8  -



120 

100 

80 

1;0 

20 

10  

0 

he ma toeri t 

erythrocytes ( % ) 

plasma hemoglobin ( pmol / I ]  

TMO opt . cire . 

5 . 4 .  Series IX : Kolobow MO 

�t-�!!iiiisGrliiiÊfk�0�10�b=
o
w�
M
��=::11:t:i • • • • � 1 1  • • 

0 60 120 180 iïö 1 i  3 4 5 6 7 14 21 
mins days t ime 

F igure 5 . 4 . 5 .  Percentages of hematocrit and erythro-
cyte numbe r ,  
hemoglobin 

and leve l of plasma 

During the whole period of three weeks the hemato
cri t showed the same curves in bath series : immediate 
decreases to 85 % were fo l lowed by gradual increases 
to about 1 0 5  % at 2 4 0  mins . During the days after ECC 
values diminished to about 8 5  % on day three , re
mained on th is  leve l for a few days , and gradually 
returned to the preoperative leve l o f  1 0 0  % a fter 
three weeks . 

The number of erythrocytes had equal courses in 
bath series and reflected the changes in the hemato
cri t values . Except for a smal l  initial decrease to 
95 % all  values were around 1 0 0  % during the day o f  
the exper iment . Decreases were seen to about 8 5  % on 
day two , fol lowed by stable leve l s  of about 9 0  % from 
days four to seven and gradual norma l i z at ions there
after . 

The plasma hemoglobin concentration in the Ko lobow 
MO series showed a minor increase to 4 . . 3 µ mo l /  1 at 
the end o f  the ECC period , compared to 5 . 4  µ mol / l  in 
the TMO series . At 2 4 0  mins there were comparable 
concentrations of about 4 µ mol / l .  Plasma hemoglobin 
levels  further decreased during the fol lowing days 
and showed preoperative values from day two onwards .  
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Figure 5 . 4 . 6 .  Percentage of leukocyte number 
In bath series identical curves were observed 

during the day of the experiment : ini tial dips to 
about 5 0  % were fol lowed by recoveries to normal 
values ( 1 0 0 - 1 2 0  % )  at the end of the ECC period . 
Maximal values o f  3 0 2  % in the Kolobow MO series and 
2 4 1  % in the TMO series were reached on days one and 
two respectively . On day one the difference between 
bath groups was statistically signi ficant ( p < O . 0 5 )  . 
Herea fter bath groups showed s imil ar and normal 
patterns resulting in preoperative values a fter three 
weeks . 
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5 . 5 .  D I SCUSSION 

During the last decade there have been con fl icting 
reports and ample discus s ions on the que stion whether 
membrane oxygenators should be pre ferred to bubble or 
disc oxygenators for cardiopulmonary bypass . Several 
authors have expres sed the distinct opinion that 
there are no d i fferences ( Kayser , 1 9 7  4 ;  He ssel  et 
al . ,  1 9 8 0 ; Sade et al . ,  1 9 8 0 ; Trumbul l  et al . ,  1 9 8 0 ) . 
Others , however , are equally pos itive in preference 
for MOs to BOs (Mie lke et al . ,  1 9 7 3 ; Sol is et al . ,  
1 9 7 5 ; Wright et al . ,  1 9 7 5 ; Beall et al . ,  1 9 7 6 ; 
Gal lett i , 1 9 7 6 ; He imbecker , 1 9 7 7 ; P ierce , 1 9 8 0 ;  
Dewanj ee et a l . ,  1 9 8 1 ) . 

Topics in the discus s ions include : 

hemorrhag ic compl ications Bachmann et a l . ,  1 9 7 5  
Heiden e t  al . ,  1 9 75 
Wright et al . ,  1 9 7 5  
He imbecker , 1 9 7 7  

hemolys is  and anemia Siderys et al . ,  1 9 7 5  
B irnbaum e t  al . ,  1 9 7 6  

platelet damage McKenna et al . ,  1 9 7 5  
Sol i s  e t  al . ,  1 9 7 5  

leukocyte de struct ion 
and infection 

protein denaturation 

need for tran s fusion 

microcirculation 
microembo l i z at ion and 
organ dys function 

cerebral complications 

cardiotomy suction 

Degge ller et al . ,  1 9 7 9  
Hak im e t  al . ,  1 9 7 9  
Lee e t  al . ,  1 9 6 1 ;  1 9 7 1  
Newland , 1 9 7 7  
Fleming , 1 9 7 9  
McKenna et al . ,  1 9 7 5  
He irnbecker , 1 9 7 7  
van den Dungen et al . ,  1 9 8 3  
Pranger et a l . ,  1 9 8 0  

de Leval e t  al . ,  1 9 7 5  
Hi l l  et a l . , 1 9 7 5  
Sol i s  e t  al . ,  1 9 7 5  
P ierce , 1 9 8 0  
Sade et al . ,  1 9 8 0  
the Lancet , Editorial ,  1 9 8 2  
ten Dui s e t  al . ,  1 9 7 8  

The ma in d i f fi cul ty i n  the atternpts to obtain c l ear 
evidence o f  the bene fits o f  us ing an MO instead of a 
BO in c l inical practice i s  the poer standardiz ation 
of the various factors invo l ved that can be achieved 
in routine cardiopul rnonary bypas s  procedures . Such 
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strict standardiz ation , which i s  neces sary to assess  
the impl ications o f  modi fying one component of the 
circuit , can be e f fectuated under experimental ,  i . e .  
animal , conditions . I n  our strictl y standardized 
experimental setup not onl y  distinct differences 
between BOs and MO s can be demonstrated for the 
various bl ood components , but al so minor nuances 
between different MO s ,  and even between d i f ferent 
circuits . 

Number of thrombocytes I n  accordance wi th the 
observations of other investigators (Miel ke et al . ,  
1 9 7 3 ; Moriau et a l . ,  1 9 7 7 ; de Leval et al . ,  1 9 7 2 ; 
1 9 7 5 ; Addoni z io et a l . ,  1 9 7 8  ; 1 9 7 9 )  an immediate and 
sharp decrease in the number of circul at ing thrombo
cyte s was found after the start of card iopul monary 
bypass . This mass ive initial disappearance of throm
bocytes has been exp l a ined in 3 .  5 . 1 . 1 .  The dip i s  
partl y reversib l e  and the stab l e  l eve l s  a fter hal f an 
hour can be regarded as a pos s ib l e  parameter of the 
hemocompatib i l  i ty of the extracorporeal circuit 
invo l ved ( de Jong et a l . ,  1 9 7 7 ) . According to this 
criterion the s igni ficant l y  higher l evel of pl ate l et 
numbers in the TMO experiments ( figure 5 .  2 .  2 . )  is  
indicative for a superior thrombocompatibil ity for 
the TMO as compared to the BO . The determining factor 
for inducing irreversibl e damage in the bubbl e  
oxygenator i s  the cont inuousl y renewed bl ood/ gas 
inter face , which produces uninterrupted denaturation 
of the pl asma proteins ( Lee et al . ,  1 9 6 1 ; 1 9 7 1 ; 
Bartl ett et al . ,  1 9 7 5 ; F l eming , 1 9 7 7 ; Newl and , 1 9 7 7 ; 
Sal zmann et a l . ,  1 9 7 8 )  and , in turn , adhe s ion and 
aggregation of the thrombocytes (Vroman et al . ,  1 9 7 1 ;  
Warren et al . ,  1 9 7 3 ; Bartl ett et al . ,  1 9 7 5 ) . Sol i s  et 
al . ( 1 9 7 5 )  a l so reported higher l evel s o f  circul ating 
pl ate l ets with MOs .  In accordance with the work o f  
Ke s s l er et al . ( 1 9 7 0 )  and Dutten e t  al . ( 1 9 7 4 )  they 
rel ated thi s  di fference to the ob servation that MO s 
produce l ess  microaggregates than BOs during per
fu sion . 

Further refinements of the circuits ( tub ing , pump ) 
or the incorporat ion of the Kol obow MO in the c ircuit 
did not resul t in measurabl e improvements in the 
l evel of pl ate l et numbers during per fus ion ( figure s 
5 . 3 . 2 .  and 5 . 4 . 2 . ) . I t  mu st be remembered that at 
this  stage pl ate l e t numbers on l y  re fl ect the remova l 
o f  destroyed thrombocyte s from the circul ation . 

The temporary increase in numbers after the di scon
nection of the c ircuit has been expl ained in 3 . 5 . 1 . 1 .  
by the interruption of the equil ibrium between 
aggregation and disaggregation in faveur of the 
l atter . The ear l y  e l imination of irreversib l y  damaged 
thrombocyte s from the ci rcul at ion , as refl ected in 
the secondary dip , is another , and probab l y  more 
rel iabl e ,  measure for the hemocompatib i l ity of the 
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circuit invo l ved ( de Jong et a l . ,  1 9 7 7 ) . In  the BO 
experiments ,  which a l ready showed l ow thrombocyte 
numbers during perfus ion and short l y  thereafter , 
there i s  an a lmost compl ete l oss  of circul ating 
thrornbocyte s at the moment o f  the secondary dip ( day 
one a fter the operation) in contrast to signi ficantl y 
higher p l  atel et numbers and consequent l y  a better 
hemocompatibil i ty in the series wi th a MO in the 
c ircuit . The minima of the secondary dip not onl y 
discriminate between the BO and the TMO , but al  so 
between the TMO and the Kol obow MO in faveur of the 
fermer ( figure 5 . 4 . 2 . ) . 

The obvious idea that a microporous membrane acts 
as a microbubbl er and there fore doe s not prevent the 
damaging effect of the bl ood/ gas inter face is not 
supported by these resul ts . It seems more l ikel y  that 
a stabl e thin al bumin l ayer rapidl y covers the 
" reentrant micropore s "  (Madras et al . ,  1 9 8 0 ) , thus 
preventing the harm from the continuous l y  renewed 
bl ood / ga s  interface of a bubbl e  oxygenator . On the 
s i l icone rubber membranes of the Kol obow MO , however , 
microscopie gas nuc l e i  remain at the surface despite 
scrupu l ous l y  executed priming techniques (Ward et 
al . ,  1 9 7 4 ; Osada et al . ,  1 9 7 7 ) . The se gas nuc l e i  are 
respon s ibl e for increased pl ate l et adhe sion and 
aggregation and , consequentl y ,  for l ower numbers o f  
c ircul ating pl atel ets (Ward et al . ,  1 9 7 7 ) . 

It  i s  assumed that shear stre s se s  in membrane 
oxygenators do not pl ay a dominant ro l e  in harrning 
p l ate l et s . With exposure t ime s of about 1 0  seconds , 
common in c l inical l y  used MO s ,  thrombocyte s wil l be 
activated by shear stresses  higher than 20 N/m2 
( Feyen , 1 9 7 8 ) . Thi s  threshol d  i s  not reached in 
currentl y  empl oyed MOs (Ol i j s l ager et al . ,  1 9 7 9 ) . 

The improvements in thrombocyte numbers that were 
obtained with the optima] circuit con s i sting of SFSR 
tubing and the rotor pump ( 4 .  2 .  2 . )  per s i sted a fter 
interconnection of the TMO . Empl oyrnent with thi s  
oxygenator of PVC tubing i n  conj unction with the 
rol l er pump resul ted in a s igni ficantl y  more pro
nounced secondary dip . For th i s  rea son the combina
tion of TMO and optima] circuit is to be regarded as 
the be st choice as far as thrombocyte numbers are 
concerned . 

The main d i f ferences between the curves of the TMO 
in the optima] circuit and of the optima] c ircuit 
al one ( figure 4 . 2 . 2 . )  are refl ected in the initia] 
dips and the l eve l s of thrombocyte numbers during ECC 
and unt i l  day one thereafter . Not onl y the 1 arger 
surface area of the membrane oxygenator must be he l d  
respon s ib l e  for the greater pl ate l et darnage during 
ECC (Addonizio et al . ,  1 9 7 8 ) , but al so the l arger 
pres sure difference acros s the b l ood pump when the 
res i stance of a MO is inc l uded in the systern (Mockros 
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et al . ,  1 9 7 9 ) . The secondary dip shows less d i f fer
ence between bath curve s ,  which can be explained by 
as suming that the additional e f fect of  the oxygenator 
is re fleced in reversible platelet damage . 

I n  all  series the restoration of thrombocyte 
numbers to preoperat ive values occurs in about one 
week and shows parallel courses after the secondary 
d ip .  As surning that new thrombocytes are normal ly 
formed at a rate of  1 5 - 2 0  % ( equiva lent to 3 0- 4 0  x 
1 0 9 / 1 )  per day ( Spurling , 1 9 7 7 ; Pen ington , 1 9 8 1 ) , 
norma l numbers can indeed be expected within one week 
after ECC . Thi s  period of thrombocytopenia is also in 
accordance wi th the c l inical reports from Moriau et 
al . ( 1 9 7 7 )  and McKenz ie et al . ( 1 9 6 9 ) , who measured 
periods of depres sed platelet numbers after cardio
pu lmonary bypas s of three and s ix days re spectively . 
Such periods have also been described in animal 
experiments (Berger et al . ,  1 9 7 4 ; Feng et al . ,  1 9 7 4 ) . 

Thrombocyte function - Several inve stigator s have 
reported decreased platelet function during ECC 
(Mielke et al . ,  1 9 7 3 ; Bloem et al . ,  1 9 7 4 ; B ick et 
al . ,  1 9 7 6 ; Moriau et a l . ,  1 9 7 7 ; McKenna et al . ,  1 9 7 9 ; 
van den Dungen et al . ,  1 9 8 2 ) . In the BO experiments 
thrombocyte function i s  completely depre ssed during 
the period of ECC and the rest of the day of the 
experiment . Thi s  means that even the few thrombocyte s 
sti l l  c ircul ating during that per iod do not respond 
to stimul ation with ADP anymore . Onl y  with the 
format ion of new pl ate l ets in the subsequent days 
thrombocyte function gradual l y  returns . In our 
experiments with the MO s thrombocyte function shows a 
pattern comparab l e  to that of  thrombocyte numbers : 
the initia] dip refl ects the fact that the st i l l  
circul ating pl ate l ets are l e s s  act ive than the ones 
that have aggregated and disappeared from the circu-
1 ation . The return of function and the stabi l i z at ion 
after hal f an hour suggest the recircul ation of 
disaggregated pl ate l ets . The decrease in function 
after disconnect ion of  the ECC is  caused by the 
protamine admini stered to neutralize heparin ( see 
3 . 5 . 1 . 2 . ) . The res toration of  function from day two 
onwards ,  wh ich paral lels  the increase in thrombocyte 
numbers , shows that a new populat ion of thrombocyte s 
enters the circulation . The recovery of  thrombocyte 
function in the TMO and the BO series shows a con
stant d i f ference of about 25 % ,  implying that resto
ration in the BO series occurs about two days later 
than in the TMO group . The overshoot in funct ion in 
the BO series on day 14 can be cons idered an expre s
s ion of  the increased percentage of young and viable 
thrombocytes in the total platelet population after 
the ECC induced exhaustion (Karpatk in , 1 9 6 9 , Booyse 
et al . ,  1 9 7 1 ;  Penington et al . ,  1 9 7 6 ) . 

The use of  a d i f ferent membrane oxygenator or of  a 
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refined c ircuit revealed no d i f ferences in the ODmax : 
a l l  MO series show ident ical courses of funct ion 
during the whole period of three week s . Cons idering 
the di fferences in thrombocyte numbers , establ ished 
at the moment of the secondary dip , the s imi lar ity of 
function may imply that particularly the platelets 
exhausted by the mani fold aggregation/disaggregation 
sequences have been selective ly el iminated by the RES 
( Laufer et al . ,  1 9 7 5 ) . The remaining thrombocyte s 

will  there fore pos s e s s  an almost equal functional 
capacity . However , it must be realized that the te st 
o f  ADP induced thrombocyte function is  not sensitive 
enough to distinguish sma l l  di fferences in platelet 
function occurring between the groups ( see 3 . 5 . 1 . 2 . ) . 

B leeding t ime - The results of the bleeding time 
mea surements are cons i stent with the thrombocyte 
behaviour in the various groups . In the BO group low 
platelet numbers together with the absence of func
tion during ECC have invariably resulted in immeasur
able b leeding time s at 2 4 0  minutes . The four or five 
days of measured increased hemorrhagic risk hereafter 
was conf irmed in our experiments by frequent observa
tions of ooz ing and hematoma . The advantageous 
e f fects of the use of the MOs are clearly reflected : 
more c irculating platelets together with a higher 
functional capacity result in an only marginally 
elevated bleeding time shortly after ECC . The se 
results coinc ide with the absence o f  c l inical signs 
of an increased bleed ing tendency after the opera
t ion . 

The general correlation of thrombocyte number and 
funct ion to the resulting bleeding t ime reveals that 
bleeding times of over 15 minutes are c aused by low 
numbers together with impaired functions ( figure 
5 . 5 . ) . Bleeding t imes from 3 to 1 5  minutes are caused 
by either low numbers or impaired functions ( de Jong 
et al . ,  1 9 7 9 ) . 

I n  corre lation with the parameter of platelet 
function the substitution of the TMO by the Kolobow 
MO or the optima l i zation of the circuit did not 
result in di fferences in the bleeding t ime . However , 
the bleeding time test , as the only measure that 
c l inically correlate s with "p latelet-mediated 
bleeding " ( Levine , 1 9 7 5 ) , doe s clearly demonstrate 
the hemostatic importance of the use of MOs instead 
of BOs in cardiopulmonary bypass procedures . 

In contrast to the s igni ficant di fferences demon
s trated in wel l  standarized animal experiments , only 
a l imited number of c l inical studies have proved the 
hemostatic super iority of membrane oxygenators to 
bubble oxygenators convincingly . Van den Dungen et 
a l . ( 1 9 8 2 ;  1 9 8 3 )  studied patients undergoing coronary 
artery bypass grafting , which is cons idered the mos t  
standardi zed type of operation , compar ing the B O  with 
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Figure 5 . 5 .  The corre lation of thrombocyte number and 
function ( corrected according to the 
nomogram ; see 2 . 7 . 2 . 2 . )  to the resulting 
bleeding time . 
• bl eeding time > 1 5  minutes 
+ bleeding time 3 - 1 5  minute s 
Ä bleeding time < 3  minute s 

the MO . They observed s igni ficantl y  more bl ood l os s  
and a n  increased trans fusion requirement i n  the BO 
group whi l e  pl ate l e t function wa s better ma intained 
in the MO group . The ir conc l u s ion was that c l inical l y  
hemostas is  wa s a l  s o  better pre served i n  perfus ions 
with a membrane oxygenator . This conc l us ion is  al so 
supported by B irnbaum et al . ( 1 9 7 9 ) . 

In view of the presented exper imental data and the 
we l l  standardi zed c l inical studies and in accordance 
with critical reviews by Heimbecker ( 1 9 7 7 ) , Hil l 
( 1 9 7 8 ) , P ierce ( 1 9 8 0 ) , and Wil devuur ( 1 9 8 0 )  the 

hemo static superiori ty of the MO to the BO can no 
J onger be denied . Our data have shown that the choice 
of a MO and the opt imal i z ation of the circuit do 
reduce pl atel et damage , but do not contribute sub
stantial l y to the wel l  maintained overal l  hemostatic 
capacity in MOs . 
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Hematocrit , number o f  erythrocytes and pl asma 
hemogl ob in - The d i f ferences in damage to the eryth
rocytes observed in the four oxygenator groups 
accentuate the di ffe rences in thrombocyte behaviour 
and in the bl eeding t ime . During the day of the 
experiment the damage infl i cted on the red cel l s  i s  
main l y  refl ected i n  the l eve l s o f  pl asma hemogl obin 
as the indication o f  hemol ysis . The highl y s ign i fi
cant difference between the BO ( 1 3 5  µ mol / 1 ) and the 
TMO ( 1 0  µ mol / 1 )  groups at the end of the perfus ion 
period is  accompanied by a d i f ference in the number 
of circul ating erythrocytes .  The measured di fference 
of 1 2 5  µ mol / l  is  caused by hemo l ys i s  of 1 . 2  % of the 
c ircul ating red cel l ma s s . The rema ining difference 
of 5 % in erythrocyte numbers consists of bath 
sub l ethal l y  damaged and trapped red cel l s ,  and 
erythrocytes from wh ich the hemogl obin content has 
al  ready been e l iminated during perfusion ( see 
3 . 5 . 1 . 4 . ) . Obviousl y the parameter of pl asma hemogl o
bin onl y  represents a part of the total erythrocyte 
damage . 

The pl asma hemogl obin l eve l s  measured in our 
experiments are in accordance with the observations 
made by other inve stigators in c l inical studies .  
Cl ear differences between MO and BO in pl asma hemo
gl obin concentrations during ECC have been reported 
by S iderys et al . ( 1 9 7 5 ) , He imbecker ( 1 9 7 7 ) , and van 
den Dungen et al . ( 1 9 8 2 ) . Others ( Liddicoat et al . ,  
1 9 7 5 ; Lamberti et a l . ,  1 9 7 6 ; C l ark et al . ,  1 9 7 9 ) did 
not notice any di fferences between MO and BO , but 
this  must be attributed to incomparab l e operation 
conditions , in wh ich for instance the interfering 
e ffect of cardiotomy suction wa s not strictl y con
trol l ed .  

When the TMO i s  used in the optima] c ircuit , there 
is l e ss  damage to the erythrocytes than in the 
combinat ion with the PVC circuit and the rol l er pump . 
F igure 5 . 4 . 5 .  shows that , wh i l e  the type of c ircuit 
does contribute to the red cel l damage , no infl uence 
can be attributed to the type of membrane oxygenator 
that is incorporated in the circuit : at 1 2 0  minutes 
the val ues for p l a sma hemog l obin , hematocrit and 
percentage of c i rcul ating erythrocytes are equal for 
the TMO in opt imal c ircuit and the Kol obow MO groups . 
These findings support the conc l us ions from 4 . 4 .  that 
ECC induced damage to the erythrocyte s is primaril y  
caused by the mechanica] forces o f  the pumps . 

The deve l opment of postoperative anemia substanti
ates the reports of ECC induced red cel l damage and 
provides a more rel iabl e parameter for erythrocyte 
damage than the rneasure of pl asma hemogl obin 
( Gal l etti , 1 9 6 5 ; Birnbaurn et al . ,  1 9 7 7 ; van den 

Dungen et al . ,  1 9 8 2 ) . Not onl y doe s it re fl ect the 
direct de struction dur ing perfusion , but al so the 
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el imination of subl ethal l y  damaged erythrocyte s ( see 
3 . 5 . 1 . 4 . ) . The anemia a fter ECC shows the same conse
cution of the four groups : the bubbl e  oxygenator 
reveal s the most severe anemia whi l e  both membrane 
oxygena tors have equal l y higher erythrocyte 1 eve l s .  
When incorporated in an opt imal circuit , both bene fi
cial e f fects of oxygenator and circuit , are manifest . 

Number of l eukocytes - Leukocytes are cons idered to 
be at l east as sensitive to shear stress  infl icted 
damage as pl atel ets and probab l y  more susceptibl e 
than erythrocyte s (Mcintire et al . ,  1 9 8 1 ) . Their 
react ion to such a trauma i s  probabl y  mo s t l y  aspec i f
ic (Veenho f ,  1 9 7 6 ; Hakim et al . ,  1 9 7 9 ) . The practica l 
consequence of aspec ificity i s  that s imil ar patterns 
of changes in l eukocyte numbers are measured in al l 
four series of experiments : they show s imi l ar ,  
material dependent , initial decreases with rapid 
recoveries , fo l l owed by " camel -hump " shaped , shear 
stre sses dependent , l eukocytoses and re storation o f  
normal val ues after three weeks . The favourabl e 
quantitative di fference in reactive l eukocytos i s  in 
the b l ood pumps series ( see 4 . 2 . 6 . )  is  el iminated 
after incorporation of the oxygenator . This  is mo st 
1 ikel y expl ained by the 1 arge surf ace area of the 
membrane oxygenator in addition to the c ircuit , 
l eading to increased adherence and reactivity . It 
exhausts the compensating mechan ism of qu ick re l ease 
from the marginating poo l and from the bone marrow 
and thus vei l s  the improvement gained with the 
c ircuit . 

Probabl y more dec i s ive is probabl y  the effect o f  
the variabl es o n  1 eukocyte function ( see 3 .  5 . 1 .  5 . )  • 

In  a previous study ( de Jong et al . ,  1 9 7 7 )  di ffer
ences were observed between the TMO and the Modul ung 
MO for carbonyl - iron phagocytosis . The l ower func
tions in the Modu l ung MO exper iments coincided with 
higher septicemia after ECC . This decrease in l euko
cyte function might be due to compl ement activation 
and consequent consumption during ECC . The act ivation 
of compl ement by the a l ternative pathway has been 
rel ated to speci fic material s such as cel l ophane 
membrane s of hemodial yzers (Craddock et al . ,  1 9 7 7 ; 
Hakim et al . ,  1 9 8 0 ; Jacob et al . ,  1 9 8 0 )  and al so 
s i l icone rubber membranes ( Jacob et al . ,  1 9 8 0 ) , but 
can al so be stimul ated by nyl on screens (Jacob et 
al . ,  1 9 8 0 ; Chenoweth et a l . ,  1 9 8 1 )  or the b l ood/ air 
inter face (Chenoweth et al . ,  1 9 8 1 ) . It  has been 
di scus sed in 3 . 5 . 1 . 5 .  that the activation of particu
l ar l y  C5a is  he l d  respons ibl e for the initial dip in 
1 eukocyte numbers at the on set of bypass , inducing 
mass ive l eukocyte aggregation . This  l atter phenomenon 
may be important in rel ation to enhanced microcircu
l ation in organs ( Hammerschmidt et al . ,  1 9 7 9 ; Pranger 
et al . ,  1 9 8 0 )  during and after bypass and particul ar-
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l y  with re ference to the so-cal l ed " postperfusion" 
l ung dys function . Hence the secondary e ffects of 
l eukocyte damage and compl ement consumption are more 
important than the l os s  of l eukocyte s as such . 

Addendum 

Recent l y  a newl y devel oped hol l ow fiber membrane 
oxygenator made of microporous pol ypropyl ene (Capiox , 
Terumo , 1 . 6  m2 ) with or without an integrated heat 
exchanger has been te sted in our l aboratory under 
sornewhat modi fied exper imental conditions ( Ennerna et 
al . ,  1 9 8 3 ) . Two groups of s ix dogs each underwent 
partial  bypas s  during two hours ( fl ow 2 1 /min ) and 
we re examined for changes in the numbers of bl ood 
cel l s ,  the pl atel et function , the concentration of 
pl asma hemog l obin and aggregate formation . 

Under the se al tered experimental conditions of 
f l ow ,  c ircuit and membrane oxygenator sur face area 
the Terumo MO showed better preservat ion of pl ate l et 
numbers and functions than both the TMO and the 
Kol obow MO . Numbers of l eukocyte s and erythrocyte s 
and p l a sma hemogl obin concentrations did not d i f fer 
markedl y .  The Terumo MO did not reveal thrombocyte 
aggregates as a s se s sed by the Wu-Hoak pl ate l et 
aggregat ion index (Wu et a l . ,  1 9 7 4 ; David et al . ,  
1 9 8 2 )  for the di fference between the in- and outfl ow 
s ide of the oxygenator . Further experimental and 
cl inical eval uation is neces s ary , but the Terumo MO 
might be hematol ogical l y  superior and eas ier to 
handl e than the TMO and the Kol obow MO . 

5 . 6 .  CONCLUSIONS 

The incorporation of di fferent types of oxygenators 
in an extracorporeal c ircuit resul ts in l arger 
hemato l ogical d i f ferences than measured in previous 
chapters with respect to the tubing material s and the 
bl oed pumps . Especial l y  the use of a bubbl e  oxygen
ator ha s a de finite traumatiz ing impact reve a l ed in 
al l b l oed e l ements , which resul ts in disturbed 
hemostas i s  and severe anemia . Membrane oxygenators 
yiel d much more favourabl e re sul ts . Among them the 
TMO provide s a somewhat better hemocompatibil ity than 
the Kol obow MO . Onl y thrombocyte numbers are better 
rnainta ined wi th the TMO , but thrombocyte function , 
erythrocyte damage or l eukocyte behaviour show no 
difference s . When the TMO is combined with the 
hematol ogical 1 y superior c ircuit of SFSR tubing and 
rotor pump , the bene fits from this  optimal circuit 
are added to the bene f it s  gained by u s ing a membrane 
oxygenator . 
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CHAPTER 6 :  INFLUENCE OF THE CARDIOTOMY SUCTION 

6 . 1 .  PREFACE 

This chapter de scribes the hematological al tera
tions caused by two di fferent methods of cardiotomy 
suction : suction of blood ( 4 0 0  ml /min ) from the 
thorac ic cavity with air ( 1 0 0 0  ml/min) and without 
air . 

6 . 2 .  SERIES XI : TMO + H IGH VACUUM SUCTION VS SERIES 
VI I :  TMO AND SERIES VI : BO 

6 . 2 . 1 .  Introduction 

In this paragraph the results are presented of 
experiments in wh ich high vacuum cardiotomy suction 
( approximate ly 4 0 0  ml /min blood + 1 0 0 0  ml/min air)  

has been addi tionally employed during total cardio
pulmonary bypass  us ing a membrane oxygenator ( TMO) . 
As a comparison the re sul ts are gi ven o f  the pre
viously described BO and TMO experiments ( series VI 
and VI I )  . This  series of experiments is meant to 
imi tate the common c l inical si tuation in open heart 
surgery , in which high vacuum cardiotomy suct ion is 
used extens ively to keep a dry operating field . This  
implicates that blood i s  vigorously mixed with air in 
the suction circuit . 

I n  the fol lowing figures the two hours ' per iod of 
extracorporeal c irculation i s  represented by the 
hori zontal ly shaded area . The periods of cardiotomy 
suction are given by a doubly shaded area . 

In  this  series four experiments were performed . Two 
dogs died in ·the first night a fter the operation 
because of hematothorax and two dogs we re long term 
survivors . S ince the number of surviving dogs in 
series XI is  too smal l  to permit stati stica! compari
son during the days after the exper iment , the data of 
the high vacuum suction group during this period are 
only given to show trends of recovery . Consequently 
the di fferences between the groups wi l l  be statisti
cally analysed during the day of the experiment only . 
In  th is  series pl asma hemoglobins have not been 
determined . 
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Figure 6 . 2 . 2 .  Percentage of thrombocyte nurnber 
In  the period be fore the ini tiat ion o f  cardiotorny 

suction simil ar changes were observed as described 
( see 5 .  2 .  1 . )  for the TMO series . The start of high 

vacuum suction ( doubl y shaded area ) after 3 0  rnins of 
MO per fus ion resul ted in a second , pers istent , drop 
in the nurnber of circul ating thrornbocyte s frorn 6 5  % 
to about 3 0  % ,  a l eve l equal to that in the BO 
series . The di fferences with the TMO series without 
suction were statistica l l y  highl y s igni ficant 
( p < 0 . 00 1 ) . After di sconnection of the ECC the nurnber 
further decreased to 20 % ( equiva l ent to 26 x 1 0 9 / l )  
in the MO + high vacuurn suction group at 1 8 0  rnins in 
contrast to a recuperation to 9 2 % in the TMO series 
without suction . The differences between the TMO 
series and bath ether series rema ined s igni ficant 
( p < 0 . 0 0 1 ) . The thrornbocyte nurnber in the TMO + high 

vacuum suction group tended to recover rap idl y during 
the first days after the exper iment , whereas in the 
ether groups nurnbers decrea sed and showed secondary 
dips of 42 % and 1 2  % respectivel y .  After the first 
days al l three groups showed s imi l ar courses of 
restoration . 
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Figure 6 . 2 . 3 .  Percentage of thrombocyte function : 
ODmax 

The ini tiation o f  extracorporeal c ircul ation re
sulted in an acute disappearance of the thrombocyte 
aggregation , which in the TMO series part ially recov
ered in 3 0 mins ( see 5 .  2 .  3 . )  . After insti tut ion of 
c ardiotomy suction the function rapidly decreased 
further to the minimal level previous ly observed in 
the BO series . No recovery of function was observed 
after disconnection of the c ircuit , whereas in the 
TMO series without suct ion a s ignificantly better 
function wa s maintained ( p< O . 0 1 ) . During the first 
days a fter the experiment the recovery of function in 
the TMO + high vacuum suction group showed a course 
comparab le to the other serie s . 
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6 . 2 .  Series XI : TMO + high vacuum suction 

bleedlng time (mins J 

Figure 6 . 2 . 4 .  B leeding time 
In the TMO + high vacuum suct ion group the bleeding 

t ime showed the same change s after ECC as in the BO 
group and the di fferences with the TMO group without 
suction were also stati stically highly s igni f icant 
( p < 0 . 0 0 1 ) . At the end of the day of the experiment 
the values had lengthened to more than 1 5  mins , while  
gradual improvement was seen in the subsequent days 
and normal values were reached on day four . In 
contrast , almost normal values were measured in the 
TMO series without suction after the experirnents .  
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Figure 6 . 2 . 5 .  Percentages of hernatocrit and erythro

cyte nurnber 
In  the three groups of experiments the hernatocrits 

showed s irni l ar decreases to val ues of about 7 5 - 8 0  % 
during the day o f  the experiment . During the days 
a fter ECC decreased l eve l s of about 65 % were found 
in the TMO + h igh vacuurn suction series and the BO 
series whi l e  in the TMO group without suct ion hernato
crits were s l ightl y higher with va l ue s  of about 7 5  % .  
Preoperative va l ue s  were regained a fter three weeks . 

In  the TMO + high vacuum suction group the nurnber 
of circul ating erythrocyte s showed a s l ight decrease 
during ECC with a minimum of 94 % at 60 mins . Hereaf
ter the number gradual l y increased to 1 0 1  % at the 
end of the day . In the TMO series without suction and 
the BO series constant l eve l s  of about 1 0 8  % and 9 8  % 
re spect ive l y  were measured . During the days after 
per fus ion the erythrocyte number in the TMO + high 
vacuum suction group fol l owed the l evel of the BO 
group , whereas 1 5  % higher val ues were found in the 
TMO group . From day s ix onwards numbers increased in 
al l groups and reached norrnal preoperative val ues 
after three weeks . 
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Figure 6 . 2 . 6 .  Percentage of leukocyte number 
Be fore the initiat ion of cardiotomy suction this 

series revealed s imi lar changes as described for the 
TMO series ( chapter 5 . 2 . 6 . ) . The introduction of 
suction after 30  mins of ECC resulted in a second 
decrease in leukocyte numbers to 79 % at the end of 
bypass . In the early period after perfusion all  three 
groups showed upward courses to maxima l leukocyto ses 
and decreases thereafter . However , after the second 
day the number of leukocyte s in the suction group 
increa sed to substantially higher values than in both 
ether series . After two weeks the number of leuko
cytes in series XI were s t i l l  not back to normal . 
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6 . 3 .  SERIES X :  TMO + CONTROLLED SUCTION VS SERIES 
VI I :  TMO AND SERIES VI : BO 

6 . 3 . 1 .  I ntroduction 

Thi s  paragraph presents the resul ts of experiments 
in which per fus ion wi th the TMO wa s combined wi th 
e l ectronical l y  control l ed cardiotomy suct ion to pre
vent suction of air with bl oed . Thi s  system bas ical l y  
con s i sts o f  b l oed sens ing e l ectrodes at the tip of 
the sucker and a regul ating device which control s the 
speed of a rol l er pump according to the bl oed l evel 
( see 2 .  3 .  4 .  2 . )  . By means of thi s  regul a ting system 
the b l oed l eve l is a l ways kept above the opening in 
the tip of the sucker and air i s  prevented from 
entering the suction l ine . In thi s  series of experi
ments the compos it ion of the priming fl uid wa s 
d i f ferent to that of most other series ( see 2 . 2 . 4 . ) . 
The resu l t s  of the TMO + control l ed suct ion group are 
again compared wi th the TMO and BO groups without 
suction ( see 5 .  2 . )  . In th i s  series s ix experiments 
were per formed . One dog died short l y  after perfusion 
and two dogs during the second night because o f  
hematothrorax whil e  three dogs were l ong term survi
vors . On the first day after the experiment there 
were sti l l sufficient survivors to permit stat istica} 
comparison and from day two onwards data are given to 
show the trend of recovery . 
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Figure 6 . 3 . 2 .  Percentage o f  thrombocyte number 
Be fore cardiotomy suction was started ( shaded 

area) , mean thrombocyte value s of the TMO series with 
and without suction were s imi lar : initial dips to 3 5-
4 0  % at 5 mins were followed by increases to about 
6 0  % • The ini tiat ion of con trol led suction ( doubly 
shaded area ) resulted in a second drop to 4 1  % at 3 5  
rnins . This drop was trans ient and nurnbers recovered 
to a stable level of about 7 5 % for the remaining 
period of ECC . Thi s  leve l was equal to that of the 
TMO series without suction . After disconnection o f  
the c ircuit the nurnber of thrornbocytes in the 
control led suction series initially decreased in 
contrast to the TMO series . The va lue of the se
condary dip ( 3 2  % on day 1 )  was located in between 
those of the TMO and BO groups . The values in the TMO 
+ control led suction series were s igni f  icantly higher 
than in the BO series frorn 1 5 - 2 4 0  mins ( p < 0 . 0 0 1 ) . 
S igni f icant di fferences between the TMO series wi th 
and without suct ion were only found at 1 8 0  rnins 
( p< 0 . 0 1 ) . In  the contro l led suction group the throm
bocyte nurnber tended to be restored more quickly and 
to develop an overshoot with a maximum on day s ix . 
Hereafter the number returned to the preoperative 
va lue in three weeks . 
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Figure 6 . 3 . 3 .  Percentage of thrombocyte 

t ime 
function : 

ODmax 
Throughout the day of the experiment the same 

course of thrombocyte function was observed in the 
TMO + control l ed suction series as in the TMO experi
rnents without suction ( see 5 . 2 . 3 . ) . The start o f  
suction brie f l y  interrupted the regu l ar pattern with 
a transient dip to 3 0  % • I n  contrast , in the BO 
experirnents ODrnax was a l rnost cornpl ete l y  abol ished 
during the day of the exper iment . After disconnection 
o f  the c ircuit the TMO + control l ed suction experi
rnents showed a pattern o f  recovery s irni l ar to that in 
the BO serie s . Both the TMO + contro l l ed suction 
series and the TMO series without suction showed 
s igni ficantl y h igher thrornbocyte funct ions than the 
BO series frorn 5 - 2 4 0  rnins ( p < 0 . 0 0 1 ) . 
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Figure 6 . 3 . 4 .  B l eeding t ime 
Dur ing the who l e  experiment the b l eeding time in 

the TMO + control l ed suctio series cl ose l y  fol l owed 
the course of the TMO series without suction . The 
same high l y  s igni ficant differences were al so found 
in comparison to the BO series ( p < 0 . 0 0 1 ) . 
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As a re sult of a s l ightly al tered priming fluid 
( see 2 . 2 . 4 . )  the hematocrit in the TMO + control led 
suction group initially decreased to 85 % .  The 
further cour se during the day of the experiment 
revealed a gradual increase to 9 0  % at 2 4 0  mins . In 
the TMO and the BO series without suction sl ightly 
lower hematocrit values of about 75 % were measured . 
During the days after the exper iment higher hemato
cri  t leve ls  remained in the TMO + control led suct ion 
series . All hematocri ts improved from day four on
wards to norma l values a fter three weeks . 

In the TMO + control led suction series the number 
of circulating erythrocytes showed no changes during 
the day of the experiment . Thereafter the leve l wa s 
a lmost ident ical to that o f  the TMO series without 
suction . Re storation of preoperative values occurred 
in three weeks . 

In  the TMO series plasma hemoglobin showed only 
minor change s . When control led suction was insti
tuted , smal l  but s igni ficant (p< O . 0 0 1 )  differences 
were seen between the TMO + control led suction group 
( 2 4  µ mol / l )  and the MO group without suction 
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( 1 0  µ mol/ l )  at the end of the ECC period . The BO 
group showed much higher plasma hemoglobin levels  o f  
1 3 5  µ mol / l . S imilar diffe rence s between the three 
groups were ob served at 2 4 0  mins . During the days 
after the experiment a l l  leve ls  decrea sed and from 
day two normal concentrations were measured . 
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F igure 6 . 3 . 6 .  Percentage o f  l eukocyte nurnber 
Throughout the period of three weeks in al l three 

series of experirnents identical change s in the nurnber 
of 1 eukocyte s we re observed : ini tial decreases to 
60 % at five rnins were fol l owed by gradual increases 
with rnaxirnal l eukocyte l eve l s  of about 3 0 0  % on day 
one , decreases to 1 8 0  % on days three to five , 
renewed increases wi th rnax.irna o f  2 5  0 % on day s ix ,  
and final l y  gradual norrnal i z ations to 1 0 0  % after 
three weeks . 
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6 . 4 .  DISCUSSION 

In previous chapters it has been stated that there 
are several weak l inks in the chain of the ECC which 
may be he l d  respons ib l e  for the man i fol d compl ica
tions experienced in patients after cardiac opera
tions . 

Al though rol l er pumps and the nonphys iol ogical 
mater ial s of the circuit contribute to the damage o f  
the ce l l ul ar bl ood e l ements , onl y sma l l hemato l ogical 
advantages coul d be documented in we l l standardized 
experiments by us ing re fined pumps and optirnal l l y 
hemocompatib l e  rnaterial s ( chapters 3 and 4 ) . A defi
ni te weak l ink in the chain of the extracorporea l  
circuit appeared t o  b e  the BO : repl acement b y  a MO 
yiel ded sub stantial improvements in terms of better 
pre served thrombocytes ,  a l most normal bl eeding t imes 
and l e ss  herno l ys i s . Cl inical evidence for improve
ment s with the use of a MO in cardiopul monary bypass 
has al so been obtained : the inc idence of hemorrhage 
wa s great l y  reduced and hemol ysis  was vi rtual l y  
e l iminated ( chapter 5 ) . 

Yet these improvements coul d not be achieved in 
comparat ive studies by other inve stigators (Lamberti 
et al . ,  1 9 7 6 ; S ade et al . ,  1 9 8 0 ; Trurnbul l et al . ,  
1 9 8 0 ) . Van den Dungen et al . ( 1 9 8 2 )  reported that 
additional factors were l ike l y  to affect the pl ate
l ets or to cause increased bl ood l oss  and need for 
more b l ood trans fusions . In a study to differentiate 
the main factors the se appeared to be : the type of 
operation , the perfu s ion time and the amount of 
cardiotomy suction . They concl uded there fore that 
comparat ive c l inical stud ies between BOs and MOs 
shou l d  be l irnited to the sarne category of patients 
regarding these three aspects . The irnportance of the 
impact of cardiotomy suction upon MO perfus ion was 
not onl y shown experimental l y  ( de Leval et al . ,  1 9 7 2 ;  
ten Duis , 1 9 8 2 )  but al so in two c l inical studie s .  
S iderys et al . ( 1 9 7 5 )  have demons trated that the use 
of an MO did provide superior hematol ogical resu l ts 
in terms of pl atel et l o s s  and hernol ys i s  when the 
bl ood of pericardial suction wa s discarded . In thei r  
study van den Dungen e t  al . ( 1 9 8 2 )  sel ected coronary 
bypass patients in whorn suction was mainl y  l imited to 
apex venting , thus substantial l y  reduc ing bl ood to 
air contact . The study discl osed that differences 
between BO and MO perfusion were sign i ficant with 
respect to better mainta ined pl ate l et function and 
reduced bl ood l oss as we l l as to decreased bl ood 
transfus ion requirernent after ECC . We have dernon
s trated in standardi zed exper irnents that the vigorous 
bl  ood to air contact , which i s  the consequence o f  
high vacuurn cardiotorny suction , i s  another weak l ink 
in the chain of the extracorpore al circuit . The ex-
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periments al so cl earl y show that thi s  cause of cel l 
injury during cardiotomy suction can be excl uded by 
preventing suction o f  air together with bl oed in the 
suction l ines by means of the de scr ibed e l ectronica l 
l y  control l ed suction system . 

Thrombocyte number and function - When control l ed 
suction i s  empl oyed the number and function are 
equal l y  wel l  preserved as in the TMO group without 
suction . The temporary decreases in number and func
t ion which occur immediatel y  after the start of car
diotomy suction mu st be regarded as a second " ini
tia] " dip because a new nonphysiol ogical surface is  
suddenl y  exposed t o  the b l ood . The l ower number o f  
thrombocytes which i s  mea sured in the control l ed suc
tion and the high vacuum suct ion series a fter 1 8 0  
minute s may refl ect a higher degree o f  bl oed cel l 
damage fol l owing the thoracotomy performed in the se 
series . Another resul t o f  the thoracotomy might be 
the overshoot in thrombocyte numbers to val ues of 
1 5 0  % and higher . Thrombocytos i s  has al so been found 
by other inve stigators ( Davey et al . ,  1 9 7 6 ; van den 
Dungen et al . ,  1 9 8 2 ) . 

The de l ay in the restoration o f  thrombocyte func
tion in the control l ed suction series as compared to 
the TMO without suction group might be caused by the 
thoracotomy (McKenz ie et a l . ,  1 9 6 9 ) , but coul d al so 
be due to the suction procedure . However , the approx
imate l y  normal b l eeding time s a fter ECC indicate that 
such damage to the pl ate l ets is l imited and does not 
af fect hemostas i s . 

When high vacuum suction i s  appl ied , bath the num
ber and function of thrombocytes are drastical l y  de
creased at the onset of suct ion and fol l ow the typi
cal course of the BO ( f igures 6 . 2 . 2 .  and 6 . 2 . 3 . ) . 
Most impre s s ive i s  the compl ete l oss  of function in 
the high vacuum suction experiments .  Practical l y ,  the 
potential bene fi ts of a MO are el iminated by the 
cardiotomy suction . Care ful use of vacuum suction 
might give some improvement , as has been shown (de 
Jong et  al . ,  1 9 8 0 ) by a better maintained thrombocyte 
function and l es s  severel y  prol onged b l eed ing t ime s 
a fter the experiment . 

B l eeding time - The changes in the bl eeding time 
are con s istent with the thrombocyte behaviour in the 
various groups . On the one hand they c l earl y show the 
potent ial bene ficia]  e ffects of the use of a MO in 
con j unct ion with control l ed suction , but on the ether 
hand they demonstrate the del eterious e ffect of high 
vacuum cardiotomy suction on hemosta s i s , which el im
inates whatever profit has been gained from a MO . 

Hematocrit , erythrocyte number , and pl asma hemogl o
bin - The di fferences in damage to the erythrocyte s 
ob served in the suct ion groups emphas ize  the ob serva
tions made in thrombocytes and bl eeding time . The 
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maximum l evel s of  pl asma hemog l obin reached at the 
end of the perfus ion show the same grouping as has 
been observed for the thrombocyte damage . Several 
inve st iga tors ( chapter 5) found equa l 1 y high val ues 
in c l inical MO and BO perfusion studies ,  but in their 
s ituation high vacuum suction wa s invariabl y combined 
with MO per fus ion . We have shown be fore ( see 5 . 2 . 5 . )  
that maxima l pl asma hemogl obin l evel s in BO perfusion 
are 1 3 . 5  time s the l evel in MO perfus ion . Furthermore 
the resul ts of our experiments c l earl y indicate that 
in the combination of TMO with suction the extens ive 
hemo l ys i s  is due to the high vacuum suction proce
dure , because hemol ysis was great l y  reduced by 
empl oying control l ed suction . Wright ( 1 9 7 8 )  performed 
in vitro experiments from which he concl uded that the 
aspirat ion of an equal quantity of air al ong with the 
suction of bl ood increa sed the rate of hemo l ys i s  ten
fo l d .  The minor though s igni f icant d i f ferences in 
l evel between the TMO and the control l ed suction 
exper iments may be due to mesothe l ial and pericardial 
sur face contact , as we l l  as to an additional damaging 
e f fect of the suction circuit . The se findings confirm 
tho se of  Morri s  et al . ( 1 9 6 5 )  and S iderys et al . 
( 1 9 7 5 ) , who stated that to a ma j or extent hemo l ys i s  
is  caused b y  the contact o f  bl ood with the pericardi
um and that bubbl e  oxygenation is  l ess  important in 
this regard . 

The changes in erythrocyte numbers are al so indica
tive for erythrocyte damage . Dur ing per fus ion maj or 
change s in the val ues corrected for hemodi l ution are 
not ob served . A tendency towards a smal l increase is  
seen in the TMO and control l ed suction groups , 
whereas minor decreases are measured in the BO and 
high vacuum suction groups . As i s  shown by increased 
pl asma hemogl obin l eve l s  in the J atter groups , a 
sub stantial decrease of erythrocyte numbers can be 
expected . The normal val ues indicate that these 
l o sses of  erythrocyte s during per fus ion have presum
abl y  been compensated by spl een contraction . The 
pos toperative anemia ,  due to the el imination of  
erythrocytes damaged during ECC , shows the same order 
in the var ious groups as the other parameters do : on 
day one after perfus ion control l ed suction is in the 
range of TMO perfus ion , whereas high vacuum suction 
shows much l ower val ue s . There fore the devel opment of  
severe anemia in patients a fter cardiopul monary by
pa ss  i s  consi stent wi th the reports of erythrocyte 
damage during experimental ECC . 

Leukocyte number - Ma j or d i f ferences between the 
groups are not observed in the courses o f  l eukocyte 
nurnbers . Onl y the few survi ving dogs in the high 
vacuurn suction group show a different course of  
l eukocyte number a fter the experiment . An infect ieus 
process ( antibiotic prophyl axis was not incl uded in 
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the protocol ) i s  bel ieved to be respon s ib l e  for thi s  
abnormal pattern , because not onl y l eukocyte number 
but al so body temperature and SRE were markedl y  
el evated i n  these anima l s .  

These findings confirm reports o f  high incidences 
of  infect ion a fter cardiopu lmonary bypass ( see 
3 . 5 . 1 . 5 . ) . Next to the possibil ity o f  impaired 
cel l u l ar de fense to infection , there is al so a 
definite risk of  airborne contamination during CPB 
( B l akemore et al . ,  1 9 7 1 ) . Thi s  was al so demonstrated 
in a prospective s tudy , eval uating a cro s s  f l ow unit 
during cardiac surgery (Dankert et al . ,  1 9 7 8 ) . It wa s 
found that after CPB under the norma l conditions o f  
a n  operating theatre 7 9  % of  the oxygenators were 
contaminated , whereas onl y  1 7  % were infected when 
the cross f l ow unit wa s used . In an experimental 
setup it was proved by Z i j l stra et al . ( 1 9 7 8 )  that 
cardiotomy suction was the open l ink to air caus ing 
contamination . They stres sed that by empl oying a 
control l ed suction system airborne contamination bath 
of the wound area and of the circul ating bl ood was 
minimi zed . Furtherrnore , reduction o f  septicemia was 
obtained in thi s  anima ] mode l  a s  a resul t of  the re
duced contamination . 

The resul ts  o f  our experiments with the control l ed 
suction are in accordance wi th the se  reports : onl y 
dogs in the high vacuum suction series exper ienced 
infect ion , whereas none of the animal s in the other 
series did . 

6 . 5 .  CONCLUSIONS 

The resul ts  o f  al l parameters in these suction 
experiments accentuate the fact that in today ' s  setup 
with uncontrol l ed cardiotomy suction , there i s  l ittl e  
rel evance i n  u s ing a MO instead o f  the hernato l ogical 
l y  more aggress ive BO : a l l bene fits gained by us ing 
the MO are couriteracted by the suction . The hemocom
patibil ity of cardiotomy suction can be improved , as 
has been demons trated experimental l y  by the re su l t s  
in the control l ed suction group . Onl y when this 
control l ed suction system i s  introduced cl inical l y  in 
the routine cardiac operation can further improvement 
of  hemocompatibil i ty be expected from the use of  a 
MO . 
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SUMMARY 

Extracorporeal c ircul ation ( ECC ) causes damage to 
the b l ood . Al l systems empl oyed , such as chron ic di
a l ys i s  with an arti ficial  kidney , cardiopulmonary by
pa ss  ( CPB ) with the heart-l ung machine or l ong term 
respiratory support with the membrane oxygenator , 
show , apart from the i r  1 i fe support ing functions , 
s ide e f fects l ike hemorrhage s ,  anemia ,  increased 
susceptibil ity to infection , or denaturation of bl ood 
prote ins . E speci a l l y  in open heart surgery hematol og
ical probl ems have frequent l y  been reported . The ma
j or prob l em i s  damage to the thrombocyte s which can 
provoke hemorrhage s ,  even more so s ince heparin i s  
required t o  prevent c l otting i n  the extracorporeal 
c ircuit . Des truction of erythrocyte s ,  re sul ting in 
anemia and el evated p l asma hemogl obin l eve l s ,  is  al so 
regul arl y ob served . Recent] y the attention is al  so 
focus sed on impairment of the l eukocytes and pl asma 
prote ins , which may resu l t  in an increased incidence 
of infection . Activation of comp l ement factor CSa  
induces l eukocyte aggregat ion , whi ch , in turn , pl ugs 
the capi l l airies in the l ung to cause organ dys func
tion . 

I n  thi s  the s i s  the components of the heart- l ung ma
chine for CPB operations have been tested for thei r  
e f fects on b l ood e l ements . The purpose of the experi
mental inve stigation in dogs i s : 
1 .  To determine the hematol ogical al terations induced 

by the various components from which an extracor
poreal  c ircuit for CPB is composed ( circuit mate
rial s ,  bl ood pumps , oxygenators and cardiotomy 
suction devi ce s )  in concentrations and functions 
of b l ood cel l s  and in fibrin formation . 

2 .  To compose an opt ima l extracorporeal circuit for 
cardiac surgery by putting together the l east 
traumatic components and to prove its hematol ogi
cal superiority . 

The outl ine o f  thi s  the s i s  i s  as fel l ows : 
Chapter 1 gives the introduction to the sub j ect . 
Chapter 2 provide s a n  extensive description of the 
material s and methods used in thi s  inve s tigat ion . 
Chapter 3 describe s the hematol ogical al terations 
caused by a s imp l e  extracorporea l  c ircuit consisting 
of onl y tubing and pumps to demonstrate the genera] 
behaviour o f  b l ood components when expo sed to an ECC . 
I n  th is  chapter three di fferent tubing material s wi l l  
al so be compared . 
Chapter 4 describes the hematol ogical al terations 
caused by three di fferent bl ood pumps . The resul ts o f  
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chapters 3 and 4 together indicate an opt imal c ir
cuit . 
Chapter 5 describes the hemato l ogical al terations 
caused by different oxygenators ( one bubbl e oxygen
ator and two membrane oxygenators ) in standard cir
cuits and in the optimal circuit . The re sul ts of 
chapters 3 ,  4 and 5 together indicate a hemato l ogi
cal l y  opt imal heart-l ung machine . 
Chapter 6 describes the hemato l ogical al terations 
caused by two different methods of cardiotomy suc
tion : suction of b l ood with and without air from the 
thoracic cavity . The resu l ts of chapters 3 ,  4 ,  5 and 
6 together indicate the optimal equipment for cardiac 
surg ical procedures .  

Chapter 2 :  
Exper imental setup : mongrel dogs of about 3 0  kgs 

were cannu l ated and connected to a standardi zed 
extracorporeal c ircuit cons isting of tubing , b l ood
pump and heat exchanger . The b l ood fl ow rate was 
maintained at 3 l /min for an ECC period of 2 hours 
and total heparini zation was ernpl oyed . The c ircuit 
was pr imed with equiva l ent quantities of heparinized 
donor bl ood and ge l atin sol ution . B l ood samp l e s  were 
taken from a catheter in the femoral artery to assess  
to fol l owing parameters : numbers of thrombocytes , 
l eukocyte s and erythrocytes ; ADP induced aggregat ion 
of the thrombocytes ; bl eeding time ; hematocrit and 
pl asma hemogl obin . During the experiments with a re l 
ative l y  s imp l e  c ircuit ( chapter 3 )  al so hemogl obin , 
SRE , rectal body temperature , and fibrin formation 
(APTT , PT , RT , TT) were rneasured . Bl ood samp l e s  were 
taken at frequent interval s during the day of the ex
per iment and dai l y  in the recovery period during the 
first week , on day 1 4 ,  and on day 2 1 . The series con
s i sted of s ix experiments .  In order to minimize the 
thrombocyte manipul ation , neces sary to expre ss  pl ate-
1 et function in rel a tien to i ts number , a nomogram 
was created . Thi s  thrornbocyte nurnber versus function 
nomogram made it pos s ib l e  to compare aggregation 
curve s from sampl e s  with different thrombocyte 
concentrations . 

Chapters 3 and 4 :  
To dernonstrate the general behaviour of the bl oed 

el ements when exposed to an ECC a description is giv
en of the change s caused by a re l ative l y  s imp l e  ex
tracorporeal  c ircuit consisting of PVC tubing and a 
rol l er pump . Thrombocyte numbers show an irnrnediate 
and sharp drop after starting ECC , probabl y due to 
acute intravascul ar aggregation induced by re l eased 
bioamines . Thi s  rever s ib l e  proce ss  inst ituted stabl e 
l evel s after 3 0  minute s for the remaining period of 
ECC . After di sconnect ion and consequent interrupt ion 
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of the equ i l ibrium between aggregation and disaggre
gation , el imination of a ffected thrombocytes occurs 
and a secondary dip in numbers can be noticed , 
usual l y  on day one after the experiment . Then a 
normal pattern o f  recovery i s  ob served , which take s 
pl ace in about one week . 

Thrombocyte function , a s  expre s sed by the maxima l 
optical dens ity l os s  ( ODmax ) and corrected according 
to the nomogram , shows patterns of impairment compa
rab l e  to these of the number of thrombocytes . 

The c l inical l y  rel evant parameter o f  the b l eeding 
time , which is infl uenced by thrombocyte number and 
function and , to a l e s s  extent , by fibrin formation , 
shows s l ightl y prol onged val ues at the end of the day 
of the experiment , but one day l ater normal val ues 
are found . In  thi s  regard the ro l e  of fibrin forma
tion is onl y  addit iona l . 

During the experiment the number of c ircul ating 
erythrocytes after correction for d i f ferences in 
hematocri t does not change . Yet , erythrocyte s are 
subl ethal l y  damaged by the procedure of ECC as can be 
concl uded from the substant ial e l imination a fter ECC . 
Thi s  decrease in number causes anemia l asting for a 
period of over one week . The increased l evel of pl as
ma hemogl obin shows that a few erythrocytes are al 
ready hemol yzed during the ECC period because of re
peti t ive contact with high shear stre s ses . After dis
connection the l eve l o f  pl asma hemogl obin is  not 
rel iab l e  as a quantitative measure because of the 
comp l ex el imination processes . Hematocrit and hemo
gl obin l evel provide the same in formation as the num
ber of erythrocytes but are al so infl uenced by the 
procedure s of hemodil ution ( priming sol utions , infu
s ions etc . ) . 

Leukocyte s respond to the ECC with an initial dip , 
rapidl y fol l owed by a l eukocyto s i s  to about three 
times the basel ine val ue . This increase wi thin one 
day , which al so compensates for l eukocyte destruct ion 
during ECC , is  expl ained by rel ease of 1 eukocytes 
from the marginated pool in to the c ircul at ion . When 
thi s  reservoir i s  depl eted , a decrease in numbers oc
curs be fore a second increase i s  induced caused by 
formation of new cel l s  in the bone marrow . Preopera
tive va l ues are found after two to three weeks .  Most 
probab l y  neutroph i l  ic 1 eukocyte funct ion tests are 
more indicative for the damage to the l eukocytes than 
numbers al one . 

This bas ic  extracorporeal ci rcuit consi sting of 
tubing and bl  ood pump doe s not provide spectacul ar 
damage . S t i l l ,  the circuit does contr ibute to 
the overal l damage caused by the heart-l ung machine . 
There fore it i s  of importance to incorporate the 
l east traumatic tubing and bl oed pump avail abl e .  Com
pari son of several tubing systems under standardi zed 
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cond itions has reveal ed that s i l ica free s i l icone 
rubber ( SFSR) material is to be pre ferred to s i l ica 
fi l l ed s i l icone rubber ( SR) or PVC tubing . The s l owl y 
moving rotor bl oed pump al so shows l e ss  traumatic re
sul ts than the conventional rol l er pump or the cen
tri fugal pump . The optimal circuit there fore consists 
o f  the rotor pump wi th s i l ica free s i l icone rubber 
tubing . 

Chapter 5 :  
The incorporation of an oxygenator yields  more 

important di fferences than these measured between 
c ircuits . The use of convent iona l bubbl e  oxygenators 
( BO )  resul ts in extens ive de struction : l ow number of 
thrornbocytes , disappearance of function and disturbed 
fibrin formation provoke a severe l y  increased bl eed
ing time , onl y  norma l i z ing after one week . A high 
l eve l o f  p l a sma hemogl obin and severe anemia a fter 
the experiment show the damaging e f fect on the red 
ce l l s .  Leukocytes are a l so strong l y  affected . The 
anemia and the l eukocyte disturbance l ast three 
weeks . The interconnection of a membrane oxygenator 
(MO )  instead of the BO resu l t s  in important improve-

ments : the thrombocytes are s igni ficant l y  l es s  
inj ured and the resul ting bl eeding time is  onl y 
sl ight l y  prol onged for a period of one day . The l eve l 
o f  pl asma hemogl obin i s  minimal l y  increased and the 
anemia a fter the experiment is much l e ss  pronounced . 
Important differences are not ob served between MO and 
BO with regard to the nurnber of l eukocytes . 

As the MO i s  ava i l abl e in various material s and de
signs , a comparat ive study was performed between the 
microporous Tefl o Modul ung MO ( TMO ) and the s i l ica 
free s i l icone rubber Kol obow MO . The thrombocyte num
ber was better maintained with the TMO , but thrombo
cyte function , erythrocyte damage and l eukocyte be
haviour did not show di fference s .  We have demon
strated that the combinat ion of a TMO wi th s i l ica 
free s i l icone rubber tubing and a rotor bl oed pump 
provides optima l  hemocompatibi l ity . 

Chapter 6 :  
The hematol ogical l y  cruc ial el ement in the circuit 

for CPB is  the cardiotomy suction . The conventional 
suction system , in which bl oed is  aspirated together 
with l arge amount s of air , act as true bubbl e  oxygen
a tor . This common system of bl  ood wi th air suction 
has been eval uated as high vacuum suct ion ( b l oed 
air = 4 0 0 : 1 0 0 0  ml /min ) . The �esul ts of these experi
ments are s imi l ar to these obtained in the BO ex
periments : al l cel l ul ar e l ements are equal l y  strong l y  
affected and the bl eeding t ime is  severe l y  prol onged 
for a week . To to avoid this b l oed to air contact a 
suction system was deve l oped in which a detector 
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connected to an e l ectronic c ircuit regul ates the pump 
speed and keeps the l eve l o f  the b l oed above the tip 
o f  the sucker . Experiments with thi s  control l ed 
suction system have shown resul t s  in c l ose re l ation 
to these obtained in the TMO experiments : thrombo
cyte s , l eukocytes and erythrocytes are al l better 
preserved , whi l e  the bl eeding t ime is  onl y s l ight l y  
prol onged . Repl acement of high vacuum suction b y  con
trol l ed cardiotomy suction is there fore es sential  in 
open- heart surgery procedure s in order to maintain 
the de finite improvements o f  hemocompatib i l ity 
obtained by introduction of the MO . 

In  conc l us ion : 
In  thi s  systematic eva l uation o f  the components of 

the ECC i t  wa s pos s ib l e  to assess  hematol ogical al 
terations caused by each s ingl e component of the ex
tracorporeal c ircuit . From thi s  eval uation the most 
hemocompatibl e extracorporea l  ci rcuit cou l d  be com
posed . Thi s  optimal equipment has been trans ferred 
from the animal l aboratory to the c l inical situations 
in which CPB is  requested and has indeed been abl e to 
accompl ish a decrease in bl oed damage . 
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SAMENVATTING 

Na de vriJ uitvoerige Engelse summary van dit 
proe fschrift i s  dez e  Nederlandse samenvatting algeme
ner van opzet . Daarb i j  is vakj argon zovee l  mogenl i j k  
vermeden , waardoor versch i l lende z aken soms te 
eenvoudig zul len z i j n  voorgesteld , maar waardoor ook 
niet medi sch geschoolden wel licht het spoor kunnen 
volgen . 

B loedsomloop buiten het lichaam is  schade l i j k  voor 
het bloed . Kunstnieren en hart- long machine s , b i j  
voorbeeld , hebben . enerz i j ds een levensondersteunende 
funktie , maar kunnen anderz i j d s  ook b i j werk ingen 
vertonen zoa ls  bloedingen , bloedarmoede of een 
verhoogde gevoe l igheid voor infektie s .  Met name in de 
open hart chirurgie is er regelmatig sprake van 
derge l i j ke complicaties . Het grootste prob leem vormt 
beschadiging van bloedplaat j e s  met na de operatie 
bloedingen als gevolg . Maar ook afbraak van rode 
b loedce l len komt vaak voor , wat kan leiden tót een 
opeenhoping van afbraakprodukten ( hemog lobine ) en tot 
bloedarmoede na de operatie . Tegenwoordig is ook de 
aandacht geve stigd op aantasting van de funkties van 
de witte bloedcellen en op de afbraak van die e iwit
ten in het bloedplasma , die de a fweer verzorgen , 
hetgeen infekties kan veroorzaken . De afbraak van 
de z e  e iwitten ( complement factoren ) veroorz aakt ook 
samenk lontering van de witte bloedce l len in de 
haarvaten van de long waardoor na de operatie de 
longfunktie sterk gestoord kan raken . 

I n  dit proe fschrift wordt de hart- long machine 
( HLM) , zoals die t i j dens open hart operaties wordt 
gebruikt , be studeerd om na te gaan waardoor de 
genoemde b loedbeschadigingen worden veroorzaakt en of 
dez e  te voorkomen z i j n .  Om dit op een systematische 
en gestandari seerde wi j ze te kunnen doen is dit 
onderzoek op proe fdieren ( honden ) uitgevoerd . Het 
doel hierb i j  was : 
1 .  Het vastste l len van de veranderingen in het 

bloed die worden veroorz aakt door de verschillen
de onderdelen waaruit de HLM is samengesteld , te 
weten : de materialen , de bloedpompen , de kunst
longen en bloedafzuigapparatuur . De veranderingen 
in het bloed worden gemeten door bepal ing van de 
aantal len en de functies van de bloedce l len en de 
vorming van fibrine . 
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2 .  Het samenstel len van een opt ima le HLM door gebruik 
te maken van de minst schade l i j ke onderdelen en 
vervolgens aan te tonen dat een derge l i j k systeem 
beter is  wat bloedbe schadiging betreft dan de 
gebruikel i j ke HLM . 

Het buiten het lichaam doen circuleren van bloed 
door middel van een s lang met een bloedpomp veroor
z aakt reeds duide l i j k  aantoonbare veranderingen in 
het bloed ( z ie figuur ) . Bloedplaatj es vertonen een 
scherpe dal ing in aantal direkt nadat een gedeelte 
van de bloedsomploop bu i ten het lichaam tot stand 
komt . Deze daling wordt veroorzaakt door samen
klontering van de bloedplaatj e s  onder invloed van 
stoffen die uit bloedplaatj es en rode bloedce llen 
vri j komen na het eerste contact tussen deze bloed
cellen en de l i chaamsvreemde materialen en de bloed
pomp . De sne lle samenklontering van de bloedplaat j e s  
i s  omkeerbaar e n  n a  een h a l f  uur is  e r  een evenwicht 
tot stand gekomen tus sen samenklontering en los laten 
van de bloedplaat j e s . D it evenwicht houdt stand 
zolang de bloedsomloop buiten het lichaam voortduurt . 
Na ontkoppe l ing gaat het los laten nog door , maar 
wordt de samenklontering niet meer geactiveerd , 
waardoor het aantal bloedplaatj es gaat s t i j gen . Dat 
s t i j gen is  echter een t i j de l i j ke z aak omdat veel 
bloedplaatj e s  zo zeer z i j n  uitgeput dat ze versneld 
uit het lichaam worden verwi j derd . Zo  z ien we een dag 
na de proe f een tweede daling optreden . Door de 
normale aanmaak gaat het plaatj esaantal daarna 
sti j gen tot het oorspronkel i j ke niveau na ongeveer 
een week weer i s  hersteld . 

De funktie van de bloedplaatj es vertoont een 
patroon van veranderingen dat verge l i j kbaar is  met 
het patroon van de aantallen bloedplaat j e s . Het 
aantal en de funktie van de bloedplaat j e s  bepaalt de 
bloedingsti j d .  Deze bloedingst i j d  vertoont daarom een 
geringe ver lenging aan het eind van de dag van de 
proe f ,  maar een dag later worden al weer normale 
waarden gevonden . 

Het aanta l rode bloedce l len verandert niet gedu
rende de proe f .  Toch worden de rode bloedce llen 
bes chadigd door het systeem van s lang en bloedpomp 
zoals opgemaakt kan worden uit de aanz ienl i j ke dal ing 
van het aantal rode bloedce l len na de proe f .  Deze 
dal ing veroorzaakt bloedarmoede die meer dan een week 
kan duren . Tevens wordt een verhoogde hoevee lheid 
hemoglobine in het bloedplasma gemeten t i j dens de 
proe f hetgeen aantoont dat dat de rode bloedce l len 
ook direkt worden beschadigd gedurende de proe f .  Dat 
deze beschadiging niet in een vermindering van het 
aantal tot uitdrukk ing komt kan verklaard worden door 
net vrij komen van rode bloedce l len uit de mi l t .  
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Figuur - Verloop van de aantallen � bloedplaatj e s  
( thrombocyte s )  , ·· ·- rode bloedce l len ( erythro
cytes ) ,  en ."·" witte bloedce l len ( leukocytes)  
t i j dens en na twee uur stromen door een sys
teem bestaande uit een s lang en een b loed
pomp . 

Witte bloedce l len reageren op het stromen van het 
bloed door het systeem van s langen en bloedpomp met 
een scherpe daling in aantal meteen na aans luiting , 
en daarna een snel le toename binnen een dag tot 
ongeveer het drievoudige van het oorspronke l i j ke 
aantal . Deze toename kan tot stand komen doordat 
witte b loedcel len die als vooraad in de bloedvaten 
tegen de wand aan l iggen direkt in de circulatie 
komen . Z odra deze reserve is uitgeput daalt het aan
tal witte bloedcel len opnieuw , waarna er een nieuwe 
s t i j ging optreedt a l s  gevolg van een ge stimuleerde 
nieuwe aanmaak van witte cellen in het beenmerg . Pas 
na twee tot drie weken i s  het aantal teruggekeerd tot 
de oorspronke l i j ke hoevee lhe id . Naar alle waarsch i j n
l i j khe id verschaft het meten van de funktie van de 
witte bloedcel len meer gegevens over hun be schadiging 
dan het louter meten van het aantal . 
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Hoewe l het systeem van s l angen en een bloedpomp 
geen ernstige bloedbe schadigingen laat z ien , draagt 
het zeker b i j  aan de algehele door de complete HLM 
veroorzaakte be schadiging . Daarom is  het van be lang 
die slangen en die bloedpomp te kiezen die de minste 
schade veroorz aken . Wanneer verschillende materialen 
voor slangen en verschillende soorten bloedpompen 
onder de zelfde omstandigheden worden vergeleken 
b l i j kt dat s i l iconrubber s langen zonder s il ica 
vu lstof ( SFSR) de voorkeur verdienen . Evenzo geeft de 
rotor bloedpomp , die relatief we inig omwentel ingen 
per minuut maakt , de be ste resultaten te z ien . Het 
beste systeem met het oog op de bloedbe schadiging is  
daarom samengesteld uit SFSR slangen en de rotor 
bloedpomp . 

Het tussenvoegen van een kunstlong laat grotere 
beschadigingen z ien dan zonder kunstlong het geval 
was . Het gebruik van de bubble oxygenator ( BO )  leidt 
tot u itgebreide schade : lage aantal len bloedplaatj e s  
en totale afwez igheid van de funktie van de bloed
plaat j e s  aan het einde van de procedure , waardoor een 
sterke verlenging van de bloedingsti j d  optreedt die 
pas na een week weer normaal wordt . Hoge hoevee lheden 
plasma hemoglobine en ernstige bloedarmoede na de 
.proef tonen het sterk beschadigende e ffekt op de rode 
bloedcel len aan . Ook de witte bloedce l len nemen 
duide l i j k  in aantal af . 

Het tus senvoegen van een membraan oxygenator (MO)  
in plaats van de BO levert be l angr i j ke verbeteringen 
op : de bloedplaatj e s  worden aanzien l i j k  minder 
aangetast en de bloedings t i j d  is s lechts in l ichte 
mate verlengd na de proe f gedurende de periode van 
een dag . De hoeveelheid plasma hemoglobine neemt 
s lechts we inig toe en de bloedarmoede na de proe f is  
veel minder uitgesproken . Er worden geen duide l i j ke 
versch i l len tussen de MO en de BO aangetoond met 
betrekking tot de aantal len witte bloedcel len en dit 
zou kunnen betekenen dat de activatie van complement 
factoren beide gel i j k  i s . 

Omdat de MO verkri j gbaar is  in versch i llende 
ontwerpen en materialen is een verge l i j kend onderzoek 
verricht tussen de microporeuze Te flo Modulung MO 
( TMO ) en de s i l iconrubber Kolobow MO , wederom zonder 
s i l ica vulstof (Kolobow MO ) . Het aantal bloedplaatj e s  
bl i j ft beter op pe i l  met d e  TMO , maar d e  funktie van 
de bloedplaatj e s , de bloedings ti j d ,  de schade aan de 
rode bloedcel len of het gedrag van de witte bloed
cel len vertonen geen verschi l len . Voor de beste 
resultaten met betrekking tot zo gering moge l i j k  
beschadiging van het bloed i s  d e  combinatie van een 
MO , en b i j  voorkeur de TMO , met SFSR slangen en de 
rotor pomp het aangewezen systeem . 

Een mede bepalende rol b i j  het samenstellen van een 
optimale HLM speelt de bloeda fzuigapparatuur , die 
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t i j dens de operatie het bloed verloren in het opera
tiegebied , weer teruggevoert D-aar de HLM . Het ge- . 
bruike l i j ke b loedafzuigapparaat zuigt het bloed 
meestal samen met een grote hoevee lhe id lucht af en 
fungeert als  een zeer beschadigde BO . De resultaten 
van proeven waarin dit " s lurpen" van het bloed met 
lucht is  verricht komen nauw overeen met de resul
taten die verkregen z i j n  in de proeven met de BO : 
alle bloedce llen worden evenzeer sterk aangetast en 
de b loedingst i j d  i s  even ernstig verlengd gedurende 
een week . Om dit " s lurpen " van lucht met bloed te 
voorkomen werd op de TH Eindhoven een zuigapparaat 
ontwikkeld met een meter aan de t ip van de zu iger , 
die via een e lektronisch c ircuit de snelheid van de 
zuigpomp rege lt zodat het niveau van het b loed alti j d  
boven het uiteinde van de zuiger b l i j ft . Proeven met 
d it aangepas te zuigsysteem , toegevoegd aan de TMO 
hebben resultaten opgeleverd die nauw verwant z i j n  
aan de resu ltaten verkregen met de TMO zonder dat er 
gezogen wordt : de bloedcellen worden evenzeer beter 
beschermd en de b loedingst i j d  is  s lechts weinig 
verlengd . Daarom is vervanging van het " s lurpende " 
zuigapparaat door het automati sche zuigapparaat van 
es sentieel be lang om t i j dens operaties met de HLM de 
zeer duide l i j ke verbeteringen te handhaven , die z i j n  
verkregen door gebruik t e  maken van de MO i n  een 
optimaal c ircuit . 

Tot be s luit : 
In  dit systematische onderz oek van de onderde len 

van de HLM was het moge l i j k de veranderingen in het 
bloed vast te stel len die werden veroorzaakt door elk 
apart onderdeel . Vanuit dit onderzoek kon die HLM 
worden samengeste ld die het best met het bloed te 
verenigen i s . Deze kenn i s  van de opt imale HLM is nu 
overgebracht naar de kl ini sche omstandigheden waar
door inderdaad een aan z ienl i j ke vermindering van de 
b loedbeschadiging b i j  patienten tot stand kon komen . 
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