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SUMI4ARY

Ex t raco rpo rea l  c i r cu la t i on  (ECC)  causes  damage  to
t h e  b l o o d .  A l l  s y s t e m s  e m p l o y e d ,  s u c h  a s  c h r o n i c  d i -
a l ys i s  w i t h  an  a r t i f i c i a l  k i dney ,  ca rd iopu lmonary  by -
pass  (CPB)  w i t h  t he  hea r t - l ung  mach ine  o r  l ong  te rm
respi ratory support  wi th the membrane oxygenator ,
show,  apa r t  f r om the i r  l i f e  suppo r t i ng  f unc t i ons ,
s i de  e f f ec t s  I  i ke  hemor rhages .  anemia ,  i nc reased
s u s c e p t i b i l i t y  t o  i n f e c t i o n ,  o r  d e n a t u r a t i o n  o f  b l o o d
p ro te ins .  Espec ia l t y  i n  open  hea r t  su rge ry  hemato log -
i ca l  p rob lems  have  f reguen t l y  been  repo r ted .  The  ma-
jo r  p rob lem i s  damage  to  t he  t h rombocy tes  wh i ch  can
p rovoke  hemor rhages ,  even  more  so  s ince  hepa r i n  i s
requ i red  to  p reven t  c l o t t i ng  i n  t he  ex t raco rpo rea l
c i r c u i t .  D e s t r u c t i o n  o f  e r y t h r o c y t e s ,  r e s u l t i n g  i n
a n e m i a  a n d  e l e v a t e d  p l a s m a  h e m o g l o b i n  l e v e l s ,  i s  a l s o
r e g u l a r l y  o b s e r v e d .  R e c e n t l y  t h e  a t t e n t i o n  i s  a l s o
focussed  on  impa i rmen t  o f  t he  l eukocy tes  and  p lasma
pro te ins ,  wh i ch  may  resu l t  i n  an  i nc reased  i nc idence
o f  i n fec t i on .  Ac t i va t i on  o f  comp lemen t  f ac to r  C5a
induces  l eukocy te  agg rega t i on ,  wh i ch ,  i n  t u rn ,  p l ugs
t h e  c a p i l l a i r i e s  i n  t h e  l u n g  t o  c a u s e  o r g a n  d y s f u n c -
t i o n .

I n  t h i s  t hes i s  t he  componen ts  o f  t he  hea r t - l ung  ma-
ch ine  fo r  CPB ope ra t i ons  have  been  tes ted  fo r  t he i r
e f f ec t s  on  b lood  e lemen ts .  The  pu rpose  o f  t he  expe r i -
men ta l  i nves t i ga t i on  i n  dogs  i s :
1 .  To  de te rm ine  the  hematoJog i ca l  a l t e ra t i ons  i nduced

by the var ious components f rom which an extracor-
po rea l  c i r cu i t  f o r  CPB i s  composed  ( c i r cu i t  ma te -
r i a l s ,  b l ood  pumps ,  oxygena to rs  and  ca rd io tomy
suc t i on  dev i ces )  i n  concen t ra t i ons  and  func t i ons
o f  b l o o d  c e J J s  a n d  i n  f i b r i n  f o r m a t i o n .

2 .  To  compose  an  op t ima l  ex t raco rpo rea l  c i r cu i t  f o r
ca rd iac  su rge ry  by  pu t t i ng  t oge the r  t he  l eas t
t raumat ic  components and to prove i ts  hematologi -
c a l  s u p e r i o r i t y .

T h e  o u t l i n e  o f  t h i s  t h e s i s  i s  a s  f o l l o w s :
Chap te r  1  g i ves  t he  i n t roduc t i on  t o  t he  sub jec t .
Chap te r  2  p rov ides  an  ex tens i ve  desc r i p t i on  o f
m a t e r i a l s  a n d  m e t h o d s  u s e d  i n  t h i s  i n v e s t i q a t i o n .

the

Chap te r  3  desc r i bes  the  hemato log i ca l  a l t e ra t i ons
c á u s e d  b y  a  s i m p l e  e x t r a c o r p o r e a l  c i r c u i t  c o n s i s t i n g
of  only  tubing and pumps to demonstrate the general
behav iou r  o f  b l ood  componen ts  when  exposed  to  an  ECC.
I n  t h i s  c h a p t e r  t h r e e  d i f f e r e n t  t u b i n g  m a t e r i a l s  w i l l
a l s o  b e  c o m p a r e d .
Chap te r  4  desc r i bes  the  hemato log i ca l  a l t e ra t i ons
caused  by  t h ree  d i f f e ren t  b lood  pumps .  The  resu l t s  o f
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chap te rs  3  and  4  t oge the r  i nd i ca te  an  op t íma l  c i r -
c u i t .
C h a p t e r  5  d e s c r i b e s  t h e  h e m a t o l o g i c a l  a J t e r a t i o n s
caused  by  d i f f e ren t  oxygena to rs  (one  bubb le  oxygen -
a to r  and  two  membrane  oxygena to rs )  i n  s tanda rd  c i r -
c u i t s  a n d  i n  t h e  o p t i m a l  c i r c u i t .  T h e  r e s u l t s  o f
chap te rs  3 ,  4  and  5  t oge the r  i nd i ca te  a  hemato log i -
c a l l y  o p t i m a l  h e a r t - I u n g  m a c h i n e .
Chap te r  6  desc r i bes  the  hemato l  og i ca l  a l  t e ra t i ons
caused  by  two  d i f f e ren t  me thods  o f  ca rd io tomy  suc -
t i on :  suc t i on  o f  b l ood  w i th  and  w i thou t  a i r  f r om the
t h o r a c i c  c a v i t y .  T h e  r e s u l t s  o f  c h a p t e r s  3 ,  4 ,  5  a n d
6  toge the r  i nd i ca te  t he  op t ima l  egu ipmen t  f o r  ca rd iac
s u r g i c a l  p r o c e d u r e s .

C h a p t e r  2 :
Expe r imen ta l  se tup :  mongre l  dogs  o f  abou t  30  kgs

were  cannu la ted  and  connec ted  to  a  s tanda rd i zed
e x t r a c o r p o r e a l  c i r c u i t  c o n s i s t i n g  o f  t u b i n g ,  b l o o d -
pump and  hea t  exchange r .  The  b lood  f l ow  ra te  was
ma in ta ined  a t  3  I  /m in  f o r  an  ECC pe r i od  o f  2  hou rs
a n d  t o t a l  h e p a r i n i z a t i o n  w a s  e m p l o y e d .  T h e  c i r c u i t
was  p r imed  w i th  equ i va len t  quan t i t i es  o f  hepa r i n i zed
d o n o r  b l o o d  a n d  g e l a t i n  s o l u t i o n .  B l o o d  s a m p l e s  w e r e
taken  f rom a  ca the te r  i n  t he  f emora l  a r t e r y  t o  assess
to  f o l l ow ing  pa rame te rs :  numbers  o f  t h rombocy tes ,
l eukocy tes  and  e ry th rocy tes ;  ADP induced  agg rega t i on
o f  t he  t h rombocy tes ;  b l eed ing  t ime ;  hematoc r i t  and
p l a s m a  h e m o g l o b i n .  D u r i n g  t h e  e x p e r i m e n t s  w i t h  a  r e l -
a t i v e l y  s i m p l e  c i r c u i t  ( c h a p t e r  3 )  a l s o  h e m o g l o b i n ,
SRE,  rec ta l  body  tempera tu re ,  and  f i b r i n  f o rma t i on
( A P T T ,  P T ,  R T ,  T T )  w e r e  m e a s u r e d .  B l o o d  s a m p l e s  w e r e
taken  a t  f r equen t  i n te rva l  s  du r i ng  t he  day  o f  t he  ex -
pe r imen t  and  da i l y  i n  t he  recove ry  pe r i od  du r i ng  the
f i r s t  w e e k ,  o n  d a y  1 4 ,  a n d  o n  d a y  2 7 .  T h e  s e r i e s  c o n -
s i s t e d  o f  s i x  e x p e r i m e n t s .  I n  o r d e r  t o  m i n i m i z e  t h e
t h r o m b o c y t e  m a n i p u l a t i o n ,  n e c e s s a r y  t o  e x p r e s s  p l a t e -
l e t  f unc t i on  i n  re la t i on  t o  i t s  number ,  a  nomogram
was  c rea ted .  Th i s  t h rombocy te  number  ve rsus  func t i on
nomogram made  i t  poss ib le  t o  compare  agg rega t i on
cu rves  f rom samp les  w i th  d i f f e ren t  t h rombocv te
c o n c e n t r a t i o n s .

C h a p t e r s  3  a n d  4 :
To  demons t ra te  t he  gene ra l  behav iou r  o f  t he  b lood

e lemen ts  when  exposed  to  an  ECC a  desc r i p t i on  i s  g t i v -
e n  o f  t h e  c h a n g e s  c a u s e d  b y  a  r e l a L i v e l y  s i m p l e  e x -
t raco rpo rea l  c i r cu i t  cons ís t i ng  o f  PVC tub ing  and  a
ro l l e r  pump.  Th rombocy te  numbers  show an  immed ia te
and  sha rp  d rop  a f t e r  s ta r t i ng  ECC,  p robab l y  due  to
acu te  i n t ravascu la r  agg rega t i on  i nduced  by  re leased
b i o a m i n e s .  T h i s  r e v e r s i b l e  p r o c e s s  i n s t i t u t e d  s t a b l e
l e v e l s  a f t e r  3 0  m i n u t e s  f o r  t h e  r e m a i n i n g  p e r i o d  o f
ECC.  A f te r  d i sconnec t i on  and  consequen t  i n te r rup t i on
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o f  t h e  e q u i l i b r i u
g a t i o n ,  e l i m i n a t i
and  a  seconda ry
u s u a l  1 y  o n  d a y
no rma l  pa t te rn  o Í
p lace  i n  abou t  on r

Thrombocyte fun
o p t i c a l  d e n s i t y  l
to  the nomogram,
r a b l e  t o  t h o s e  o f

T h e  c l i n i c a l l y
t i m e ,  w h i c h  i s  i r
f u n c t i o n  a n d ,  t o
s h o w s  s l i g h t l y  p r (
o f  t he  expe r imen t
a r e  f o u n d .  I n  t h i
t i o n  i s  o n l y  a d d i t

Du r i ng  the  exp ,
e ry th rocy tes  a f t e
hematoc r i t  does  :
s u b l e t h a l l y  d a m a g e
conc luded  f rom the
T h i s  d e c r e a s e  i n
pe r i od  o f  ove r  one
ma hemog lob in  sho ,
ready  hemo lyzed  d r
pe t i t i ve  con tac t  r , r
connec t i on  t he  l r
r e l i a b l e  a s  a  g u
c o m p l e x  e l i m i n a t i <
g l o b i n  l e v e l  p r o v i
be r  o f  e r y th rocy t
p rocedu res  o f  hem<
q i n n q  a { - a  I

e  u v  .  ,  .

Leukocy tes  respc
r a p i d l y  f o I  l o w e d
t i m e s  t h e  b a s e l i n
d . y ,  w h i c h  a l s o  c o
d u r i n g  E C C ,  i s  e :
f r o m  t h o  m r r d i * ^ *L r r s  r L L q r  Y  r l l d  L t

t h i s  r e s e r v o i r  i s
c u r s  b e f o r e  a  s e c
fo rma t i on  o f  new  c
t i v e  v a l u e s  a r e  f c
p r o b a b l y  n e u t r o p h :
more  i nd i ca t i ve  f o
n u m b e r s  a l o n e .

T h i s  b a s i c  e x t l
t ub ing  and  b lood
d a m a g e . 5 t
t he  ove ra l  1  damage
T h e r e f o r e  i t  i s
l e a s t  t r a u m a t i c  t u
p a r i s o n  o f  s e v e r a l



of the equi l ibr ium between aggregat ion and d. isaggre_
gat ion ,  e l im ina t ion  o f  a f fec- tèd  th rombocy tes  occurs
and a secondary dip in numbers can b; not iced,
usua l ly  on  day  one a f te r  the  exper iment .  Then a
normal pattern of recovery is obseived, which takes
p lace  in  about  one week.

Thrombocyte funct ion, as expressed by the maximal
op t ica l  dens i ty  Ioss  (ODmax)  ánd cor=edted  accord ing
to- the nomogram, _ shows patterns of impairment compa_
rabJe to those of the number of thrombàcytes.

The c l in ica l l y .  re levant  parameter  o f  the  b leed ing
t ime, which is inf luenced 

-by 
thrombocyte number and

func t ion  and,  to  a  fess  ex ten t ,  by  f i f l r in  fo rmat ion ,
s lowg s l igh t ly  p ro longed va lues  aC the  end o f  the  day
of  the  exper iment ,  bu t  one day  la te r  normaf  va lue i
a re  found.  rn  th is  regard  the  ro le  o f  f ib r in  fo rma-
t i o n  i s  o n l y  a d d i t i o n a l .

Dur ing  the  exper iment  the  number  o f  c i rcu la t ing
ery th rocy tes  a f te r  cor rec t ion  fo r  d i f fe rences  i ;
hematocr i t  does  no t  change.  ye t ,  e ry th rocy tes  are
sub le tha l l y  damaged by  the  procedure  o f  gcc  as  can be
conc iuded f rom the  subs tan t ia l  e l im ina t ion  a f te r  ECC.
Th is  decrease in  number  causes  anemia  las t ing  fo r  a
per iod  o f  over  one week.  The increased leve l  o f  p tas_
ma hemoglobin shows that a few erythrocytes aré al_
ready  hemolyzed dur ing  the  ECC per iod  because o f  re_
pet i t i ve  contac t  w i th  h igh  shear  s t resses .  A f te r  d is -
connect ion  the  leve l  o f  p lasma hemoglob in  i s  no t
re l iab le  as  a  guant i ta t i ve  measure  bêcause o f  the
complex  e l im ina t ion  processes .  Hematocr i t  and hemo-
g lob in  Jeve l  p rov ide  the  same in fo rmat ion  as  the  num-
ber  o f  e ry th rocy tes  bu t  a re  a lso  in f luenced by  the
procedures  o f  hemodi lu t ion  (p r im ing  so lu t ions ,  ln fu -
s i o n s  e t c .  )

Leukocy tes  respond to  the  ECC wi th  an  in i t ia l  d ip ,
rap id ly  fo l lowed by  a  leukocy tos is  to  about  th rèe
t i m e s  t h e  b a s e l i n e  v a l u e .  T h i s  i n c r e a s e  w i t h i n  o n e
day '  wh ich  a lso  compensates  fo r  leukocy te  des t ruc t ion
dur ing  ECC,  i s  exp la ined.  by  re lease o f  leukocy tes
f rom the  marg ina ted  poo l  in to  the  c i rcu la t ion .  ív r ren
th is  reservo i r  i s  dep le ted ,  a  decrease in  numbers  oc-
curs  be fore  a  second increase is  ind .uced caused by
format ion  o f  new ceJ ls  in  the  bone mar row.  p reopera :
t i ve  va lues  are  found a f te r  two to  th ree  weeks .  Most
probab ly  neut roph i l i c  leukocy te  func t ion  tes ts  a re
more  ind ica t ive  fo r  the  damage to  the  leukocy tes  than
numbers  a lone.

Th is  bas ic  ex t racorporea l  c i rcu i t  cons is t ing  o f
tub ing  and b lood pump does  no t  p rov ide  spec tacu la r
d a m a g e .  S t i l l ,  t h e  c i r c u i t  d o e s  c o n t r i b u t e  t o
the  overa l l  damage caused by  the  hear t - lung  mach ine .
Therefore i t  is of  importance to incorpbrate the
leas t  t raumat ic  tub ing  and b lood pump ava i lab le .  Com-
par ison  o f  severa l  tub ing  sys tems under  s tandard ized
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c o n d i t i o n s  h a s  r e v e a l e d  t h a t  s i l i c a  f r e e  s i l i c o n e
r u b b e r  ( S F S R )  m a t e r i a l  i s  t o  b e  p r e f e r r e d  t o  s i l i c a
f i l l e d  s i l i c o n e  r u b b e r  ( S R )  o r  P V C  t u b i n g .  T h e  s l o w l y
mov ing  ro to r  b lood  pump a l so  shows  l ess  t r aumat i c  re -
su l t s  t han  the  conven t i ona l  r o l l e r  pump o r  t he  cen -
t r i f uga l  pump .  The  op t ima l  c i - r cu i t  t he re fo re  cons i s t s
o f  t h e  r o t o r  p u m p  w i t h  s i l i c a  f r e e  s i l i c o n e  r u b b e r
t u b i n g .

C h a p t e r  5 :
The  i nco rpo ra t i on  o f  an  oxygena to r  y i e l ds  more

impor tan t  d i f f e rences  than  those  measu red  be tween
c i r c u i t s .  T h e  u s e  o f  c o n v e n t i o n a l  b u b b l e  o x y g e n a t o r s
( B O )  r e s u J t s  i n  e x t e n s i v e  d e s t r u c t i o n :  l o w  n u m b e r  o f
t h rombocy tes ,  d i sappea rance  o f  f unc t i on  and  d i s tu rbed
f i b r i n  f o rma t i on  p rovoke  a  seve re l y  i nc reased  b leed -
i n g  t i m e ,  o n l y  n o r m a l i z i n g  a f t e r  o n e  w e e k .  A  h i g h
leve l  o f  p l asma  hemog lob in  and  seve re  anemia  a f t e r
t he  expe r imen t  show the  damag ing  e f f ec t  on  the  red
c e l l s .  L e u k o c y t e s  a r e  a l s o  s t r o n g l y  a f f e c t e d .  T h e
anemia  and  the  l eukocy te  d i s tu rbance  l as t  t h ree
weeks .  The  i n te rconnec t i on  o f  a  membrane  oxygena to r
(MO)  i ns tead  o f  t he  BO resu l t s  i n  impor tan t  improve -

m e n t s :  t h e  t h r o m b o c y t e s  a r e  s i g n i f i c a n t l y  l e s s
i n j u r e d  a n d  t h e  r e s u l t i n g  b l e e d i n g  t i m e  i s  o n l y
s t i g h t l y  p r o l o n g e d  f o r  a  p e r i o d  o f  o n e  d a y .  T h e  l e v e l
o f  p l a s m a  h e m o g l o b i n  i s  m i n i m a l l y  i n c r e a s e d  a n d  t h e
anemia  a f t e r  t he  expe r imen t  i s  much  Jess  p ronounced .
Impor tan t  d i f f e rences  a re  no t  obse rved  be tween  MO and
BO w i th  rega rd  t o  t he  number  o f  l eukocy tes .

A s  t h e  M O  i s  a v a i l a b l e  i n  v a r i o u s  m a t e r i a l s  a n d  d e -
s igns ,  a  compara t i ve  s tudy  was  pe r fo rmed  be tween  the
mic ropo rous  Te f l o  Modu lung  MO (TMO)  and  the  s i l i ca
f ree  s i l i cone  rubbe r  Ko lobow MO.  The  th rombocy te  num-
be r  was  be t te r  ma in ta ined  w i th  t he  TMo,  bu t  t h rombo-
cy te  f unc t i on ,  e r y th rocy te  damage  and  l eukocy te  be -
hav iou r  d id  no t  show d i f f e rences .  we  have  demon-
s t ra ted  tha t  t he  comb ina t i on  o f  a  TMO w i th  s i l i ca
f ree  s i l i cone  rubbe r  t ub ing  and  a  ro to r  b lood  pump
prov ides  op t ima l  hemocompa t i b i l i t y .

í - h r n l - a r  Á .

T h e  h e m a t o l o g i c a l l y  c r u c i a l  e l e m e n t  i n  t h e  c i r c u i t
f o r  CPB i s  t he  ca rd io tomy  suc t i on .  The  conven t i ona l
s u c t i o n  s y s t e m ,  i n  w h i c h  b l o o d  i s  a s p i r a t e d  t o g e t h e r
w i th  l a rge  amoun ts  o f  a i r ,  ac t  as  t r ue  bubb le  oxygen -
a t o r .  T h i s  c o m m o n  s y s t e m  o f  b l o o d  w i t h  a i r  s u c t i o n
h a s  b e e n  e v a l u a t e d  a s  h i g h  v a c u u m  s u c t i o n  ( b l o o d  :
a i - r  =  4 0 0 : 1 0 0 0  m I  / m i n )  .  T h e  . : r e s u l t s  o f  t h e s e  e x p e r i -
men ts  a re  s im i l a r  t o  t hose  ob ta ined  i n  t he  BO ex -
p e r i m e n t s :  a l l  c e l l u l a r  e l e m e n t s  a r e  e q u a l l y  s t r o n g l y
a f f e c t e d  a n d  t h e  b l e e d i n g  t i m e  i s  s e v e r e l y  p r o l o n g e d
f o r  a  w e e k .  T o  t o  a v o i d  t h i s  b l o o d  t o  a i r  c o n t a c t  a
suc t i on  sys tem was  deve loped  i n  wh i ch  a  de tec to r
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t he  ECC i t  was  F
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p o s e d .  T h i s  o p t i
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i n  wh i ch  CpB i s  r
accomp l i sh  a  dec r



connected to an eJect.ronic circui t  regulates the pump
speed and keeps the level of  the blood above the t ip
of the sucker.  Experiments with this control led.
suc t ion  sys tem have shown resu l ts  in  cJose reJa t ion
to those obtained in the TMO experiments: thrombo-
cy tes ,  leukocy tes  and ery th rocy tes  are  a l l  be t te r
preserved,  wh i le  the  b leed ing  t ime is  on ly  s l igh t ly
prolonged. Replacement of high vacuum suct ion by con-
t ro l led  card io tomy suc t ion  is  there fore  essent ia l  in
open- heart  surgery procedures in order to maintain
the def ini te improvements of hemocompatibi l i ty
obtained by introduct ion of the Iv lO.

I n  c o n c l u s i o n :
G-his systematic evaluat ion of the components of

the  ECC i t  was  poss ib le  to  assess  hemato log ica l  a l -
terat ions caused by each single component of the ex-
t racorporea l  c i rcu i t .  F rom th is  eva lua t ion  the  most
hemocompatible extracorporeal c ircui t  could be com-
posed. This opt imal equipment has been transferred
from the animal laboratory to the cl in ical  s i tuat ions
in which CPB is requested and has indeed been able to
accomplish a decrease in blood damage.
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