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Summary  

H e m o d i l u t i o n  d e c r e a s e s  b lood  v i scos i ty  a n d  c i r c u l a t o r y  i n p u t  impedance and 
t h u s  r educes  a f t e r load .  I t s  use  in  t r e a t m e n t  of L V  p o w e r  f a i l u r e  has been 
advoca t ed ,  b u t  t h e  sa fe  l imi t s  of  i sovo lemic  h e m o d i l u t i o n  a r e  no t  known. 
C o m p e n s a t i o n  of t h e  r e d u c e d  O~-capac i ty  of t he  b lood  was  t he r e fo re  studied 
w i t h  n o r m a l  a n d  i m p a i r e d  c o r o n a r y  re se rve .  

In  20 dogs t he  LAD w a s  s t enosed  to a deg ree  j u s t  no t  a f f ec t i ng  the  supplied 
r e g i o n  a n d  c e n t r a l  a n d  c o r o n a r y  h e m o d y n a m i c s  w e r e  s tud ied .  Regional  myo- 
ca rd i a l  f u n c t i o n  was  assessed  b y  u l t r a s o u n d  t r a n s i t  t i m e  b e t w e e n  transducers 
i m p l a n t e d  in  t he  LV wal l .  L o w e r i n g  t he  h e m a t o c r i t  to 1 5 %  b y  isovolumic 
e x c h a n g e  of  b lood  f o r  D e x t r a n  60 i n c r e a s e d  C V P  (18 %), PAl: '  (47 %), LAP 
(64~ L V e d P  (46~ CO (67~ a n d  f low to t h e  i n t a c t  a r e a  (LCA: 211%}. 
F low in t he  s t e n o s e d  LAD i n c r e a s e d  s l ight ly .  E ndd i a s to l i c  l e n g t h  (EDL) of LAD 
d e p e n d e n t  m u s c l e  s e g m e n t s  rose  to 1 2 0 %  a n d  t h e i r  c o n t r a c t i o n  amplitude JL 
was  d e c r e a s e d  b y  46 %. W h e r e a s  n o n - i s c h e m i c  s e g m e n t s  s h o w e d  compensatory 
r i se  in  AL (38%)  a t  a l m o s t  c o n s t a n t  EDL ( §  9 % ) .  A f t e r  r e l ea se  of the LAD 
s tenos i s  EDL a n d  AL r e t u r n e d  to n o r m a l .  

D u r i n g  p r o g r e s s i v e  a n e m i a  m y o c a r d i a l  O e - d e m a n d  is no t  adequa t e ly  met if 
c o r o n a r y  r e s e r v e  c a p a c i t y  is dep le ted .  R e v e r s i o n  of h y p o k i n e s i a  a f te r  removal 
of t h e  s tenos i s  shows  u n i m p a i r e d  m y o c a r d i a l  f u n c t i o n  a t  a h e m a t o c r i t  as low as 
15 % p r o v i d e d  t h e  c o r o n a r y  c i r c u l a t i o n  is in tac t .  

S e v e r a l  s t u d i e s  h a v e  d e m o n s t r a t e d  t h a t  a c u t e  l i m i t e d  isovolumie 
h e m o d i l u t i o n  d o e s  n o t  i m p a i r  m y o c a r d i a l  f u n c t i o n  i n  h e a r t s  w i t h  intact 

c o r o n a r y  c i r c u l a t i o n  (2, 4, 7, 8, 9, 13, 16, 19, 24). T h e  r e d u c e d  arterial 
o x y g e n  c o n t e n t  of  t h e  d i l u t e d  b l o o d  is c o m p e n s a t e d  f o r  b y  a n  excessive 

*) Mi t  U n t e r s t i i t z u n g  des  S o n d e r f o r s c h u n g s b e r e i c h s  37. 
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preferential  i n c r e a s e  in c o r o n a r y  flow (18, 30) caused  b y  r e a c t i v e  
coronary v a s o d i l a t i o n  a n d  t h e  i m p r o v e m e n t  of b lood  f lu id i ty .  The  d e c r e a s e  
of blood v i scos i ty  l o w e r s  aor t i c  i n p u t  i m p e d a n c e  a n d  t h e r e f o r e  r e duc e s  
external h e a r t  work .  In  add i t ion ,  the  o x y g e n  t r a n s p o r t  c a p a c i t y  reaches  
its m a x i m u m  at  a h e m a t o c r i t  l eve l  of a b o u t  3 0 %  u n d e r  t he  cond i t i on  of 
improved m i c r o c i r c u l a t i o n  (28). These  mechan i sms  a r e  s u g g e s t e d  to be 
responsible for  c o v e r i n g  the  o x y g e n  d e m a n d  of t he  h e a r t  d u r i n g  a ne mia .  
A l imited c o m p e n s a t o r y  i n c r e a s e  in o x y g e n  e x t r a c t i o n  is q u a n t i t a t i v e l y  
less i m p o r t a n t  (25). 

These c o m p e n s a t o r y  m e c h a n i s m s  h o w e v e r  m a y  fa i l  in h e a r t s  w h e r e  the  
functional c o r o n a r y  r e s e r v e  c a p a c i t y  is l i m i t e d  or  dep l e t ed .  Th is  ques t i on  
has ga ined  i m p o r t a n c e  in  h e a r t  s u r g e r y ,  e spe c i a l l y  in  t he  s u r g i c a l  
treatment of c o r o n a r y  a r t e r y  a n d  cyano t i c  h e a r t  d i sease  w h e r e  a c u t e  
hemodilution d u r i n g  e x t r a c o r p o r e a l  c i r cu l a t i on  is w i d e l y  u sed  to o v e r c o m e  
the known d i s a d v a n t a g e s  of b lood  p r imes .  

On the  o t h e r  hand ,  h e m o d i l u t i o n  w i t h  c o n c o m i t a n t  d e c r e a s e  in a f t e r -  
load and i m p r o v e m e n t  of  m i c r o c i r c u l a t i o n  m a y  be  c o n s i d e r e d  as a 
concept in t h e  t r e a t m e n t  of l e f t  v e n t r i c u l a r  p o w e r  f a i lu re .  F r o m  s tud i e s  
in the i n f a r c t e d  dog hea r t ,  Y o s h i k a w a  a n d  c o w o r k e r s  (32) conc luded  t h a t  in 
response to h e m o d i l u t i o n  c o l l a t e r a l  c o r o n a r y  c i r cu l a t i on  a n d  o x y g e n  
delivery to t he  i n f a r c t e d  a r e a  is  i m p r o v e d .  F r o m  these  f ind ings ,  one m a y  
suggest t ha t  h e m o d i l u t i o n  can  be  used  in m y o c a r d i a l  i n f a r c t i o n  to l o w e r  
the high b lood  v i scos i ty  o b s e r v e d  in  these  s t a t e s  (6), to i m p r o v e  c o r o n a r y  
collateral c i r c u l a t i o n  and  m i c r o c i r c u l a t i o n  a n d  r e d u c e  a f t e r l o a d  b y  i m p r o v -  
ing blood f lu id i ty .  

These c o n s i d e r a t i o n s  h o w e v e r  a r e  v a l i d  o n l y  u n d e r  the  p r e s u m p t i o n  
of sufficient o x y g e n  s u p p l y  to cove r  the  d e m a n d s  of the  hear t .  The  f o l l o w -  
ing e x p e r i m e n t s  w e r e  d e s i g n e d  to i n v e s t i g a t e  t he  effects  of i sovo lumic  
hemodilution w i t h  d e x t r a n  601) on t o t a l  a n d  r e g i o n a l  m y o c a r d i a l  f u n c t i o n  
in hearts w i t h  i n t a c t  c o r o n a r y  c i r c u l a t i o n  and  in  the  m y o c a r d i u m  w h e r e  
coronary r e s e r v e  is a l r e a d y  l i m i t e d  r e s p e c t i v e l y  dep le t ed .  

Methods 

I. Preparation and monitored parameters (fig. 1) 

20 mongrel dogs (23.7 • 1.8 kg) were anesthet ized with sodium pentobarbitaF-) 
{20 mg/kg) and continuous infusion of p i r i t ramide  3) (0.001 mg/min �9 kg). The 
animals were vent i la ted by a respi ra tor  (Servoventi lator  900) 4) with 50 % oxygen. 

To prevent  atelectasis  PEEP was set at 7 cm H~O. A left thoracotomy was 
performed in the 5th intercostal  space and the heart  exposed and suspended in 
a pericardial cradle. The left  anter ior  descending (LAD) and the left  c ircumflex 
artery (LCA) were  dissected free near  the origin for placement  of ul trasonic 
fl0w probes. 

The coronary flows QLAD and QLAC were measured by a pulsed Doppler  
ultrasonic f lowmeter 5) (22). Cardiac output  was monitored by an electromagnet ic  

i) Macrodex 6 %, Knoll  AG, Ludwigshafen,  W. Germany 
z) Nembutal, Deutsche Abbot t  GmbH, Ingelheim a. Rhein, W. Germany 
3) Dipidolor, Janssen Pharmaceut ica ,  Beerse, Belgium 
4) Elema-SchSnander,  Stockholm, Sweden 
3) Roche Bioelectronics, Paris,  France  
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Fig. 1. Schemat ic  r e p r e s e n t a t i o n  of the  e x p e r i m e n t a l  p r e p a r a t i o n  of the  dog heart 
(for de ta i l s  see the  text) .  

flowmeter (Statham SP 2202)") around the ascending aorta. Left ventricular 
pressure (LVP), left veniricular enddiastolic pressure (LVedP), and aortic 
pressure (AoP) were measured by a double catheter tip manometer (Millar 
Micro-Tip PC 771) 7 ) via the left carotid artery. Polyethylene catheters were 
placed in the right atrium (RA), the pulmonary artery (PA), and the left atrium 
(LA) and  connec ted  to S t a t h a m  P23Db ~) p r e s s u r e  t r a n s d u c e r s  to monitor  CVP. 
P A P  and  LAP.  dP/dt~j~:~x was  ca lcu la ted  f r o m  the  onl ine  d i f fe ren t ia ted  LVP 
signal  (Brush  Differentiator).q). All p a r a m e t e r s  w e r e  con t inuous ly  recorded on 
a mu l t i channe l  B r u s h  r eco rde r  (Brush  481) ,q) and  on a mag n e t i c  tape  (Siemens 
Med i t ape  12)1"). (dP/dt) :  IP (31) used  as a con t rac t i l e  index  was  obtained from 
high  speed  r ecord ings  (200 ram/s). The  m e a n  da ta  as h e a r t  r a te  (HR from ECG}. 
mCVP,  m P A P ,  m L A P ,  mAoP,  CO, QI,AI~, Ql,c.\, and  rec ta l  t empe ra tu r e  were 
col lected in 30 seconds  in t e rva l s  by a c o m p u t e r  (Siemens  404/3 Sys t em Simon)~% 
Blood samples  w e r e  t a k e n  be fo re  every  da ta  col lect ing per iod  f rom the aorta 
and  cen t ra l  venous  sy s t em to m e a s u r e  pH, Pc,~, P(.~,~, HCO:~, BE, hemoglobin. 
hematoc r i t ,  and  potass ium.  E lec t ro ly te  and  fluid ba l ance  was  maintained by 
in fus ion  of R inger ' s  solutionH). 

II. Reg ional  m y o c a r d i a l  f u n c t i o n  

The t echn ique  used  to ob ta in  con t inuous  m e a s u r e m e n t s  of regional  myocardial 
func t ion  was  deve loped  by B u g g e - A s p e r h e i m  in 1969 (3) and  independently by 
D. F r a n k l i n  and  associa tes  (10) and  is based  on u l t r a son ic  t r ans i t  t ime measure- 
ment .  In own  s tudies  (12, 14) this  m e t h o d  was  s h o w n  to be a reIiable tool for 
con t inuous  m e a s u r e m e n t  of myoca rd i a l  s e g m e n t  d imens ions .  Couples  of 5 MHz 

u) S t a t h a m  I n s t r u m e n t s  Inc., Oxnard ,  U S A  
~) Mil lar  I n s t r u m e n t s  Inc., Houston,  USA 
~) S t a t h a m  I n s t r u m e n t s  Inc., Hato  Rey, Pue r to  Rico 
~) Gould B r u s h  Inc., Cleveland,  USA 
~o) S i emens  AG., Er langen ,  W. G e r m a n y  
l~) D e l t a - P h a r m a ,  K l e m e n z  u. Co., Pfu l I ingen,  W. G e r m a n y  
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miniaturized p iezoe lec t r ic  c r y s t a l s  w i t h  a d i a m e t e r  of a b o u t  1.5 to 2 m m  w e re  
implanted into the  m y o c a r d i a l  wal l  d e f i n i n g  m u s c l e  s e g m e n t s  in a c e r t a i n  d e p t h  
and along a c e r t a i n  c o n t r a c t i o n  vector .  The  e m i t t e r  c ry s t a l  ( l e a d - t i t a n a t e -  
zirconate) is exc i t ed  by  a 10 ns  180 vol t  pulse .  T h e  r e s o n a n c e  osc i l l a t ion  
abates v e ry  qu ick ly  a n d  t h e r e f o r e  v e r y  sho r t  d i s t a n c e s  c a n  be m e a s u r e d  
(min. 2 mm).  T h e  e m i t t e d  l o n g i t u d i n a l  u l t r a s o u n d  w a v e f r o n t  t r a v e l s  t h r o u g h  
the m y o c a r d i u m  w i t h  a c o n s t a n t  ve loc i ty  of 1.56 mm//~s  a n d  b o u n d s  a g a i n s t  
the receiver  c ry s t a l  (a f ter  a c e r t a i n  t r a n s i t  t ime)  e x c i t i n g  it to osc i l la te  w i th  
its na tura l  f r e q u e n c y .  To g u a r a n t e e  t h a t  the  u l t r a s o u n d  b e a m  m e e t s  the  
receiver d u r i n g  t h e  m o v e m e n t  of the  m y o c a r d i a l  wall ,  t h e  acous t i c  f ield w a s  
extended by m o u l d i n g  h e m i s p h e r i c a l  p o l y s t y r e n e  l enses  on to  the  p iezoe lec t r ic  
discs. The  r e c e i v e d  u l t r a s o u n d  is t r a n s f e r r e d  to an  e lec t r ica l  s igna l .  In  the  
receiver c i rcu i t  a c o n s t a n t  c u r r e n t  is i n t e g r a t e d  f r o m  the  m o m e n t  of e m i s s i o n  
until the  r e ce iv e r  c ry s t a l  is exc i ted .  The  r e s u l t a n t  i n t e g r a l  ref lec ts  the  
instantaneous d i s t a n c e  of the  c rys t a l s .  A repe t i t ion  ra te  of 1 kHz p r o v i d e s  a 
continuous m e a s u r e m e n t  of d y n a m i c  c h a n g e s  of m y o c a r d i a l  s e g m e n t  d i m e n s i o n s  
with a h igh  f r e q u e n c y  r e sponse .  T h e  d y n a m i c  r eco rd ing  of c h a n g e s  in s e g m e n t  
dimensions is o b t a i n e d  f r o m  the  d i f f e r e n c e  b e t w e e n  m a x i m a l  a nd  m i n i m a l  
ultrasound t r a n s i t  t ime.  T h e  m e a s u r e d  t r a n s i t  t ime  is c a l i b r a t e d  in s t eps  of 
1 .,s genera ted  by  an  a c c u r a t e  q u a r t z - c o n t r o l l e d  osc i l la tor  (fig 2). 

Fig. 2. P r inc ip le  of t he  u l t r a s o n i c  t r a n s i t - t i m e  m e t h o d  for  d i rec t  m e a s u r e m e n t  
of myocardial s e g m e n t  d i m e n s i o n s .  D y n a m i c  r eco rd ing  of p h a s i c  s e g m e n t - l e n g t h  
changes (JL)  is o b t a i n e d  f r o m  the  d i f f e r ence  b e t w e e n  m a x i m a l  a nd  m i n i m a l  

t r a n s i t - t i m e  of u l t r a s o u n d  (for de ta i l s  see the  text) .  
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T h r e e  couples  of c ry s t a l s  w e r e  i m p l a n t e d  in to  t he  m y o c a r d i u m  15 to 30 mm 
a p a r t  p a r a l l e l  to t h e  m i n o r  axis  of t he  lef t  v e n t r i c l e  in  t h e  fo l lowing  positions 
( compare  fig. 1): 

1. Two pa i r s  of t r a n s d u c e r s  in  a s u b e n d o c a r d i a l  r e s p e c t i v e l y  ep ica rd ia l  muscle 
l a y e r  in  t he  a n t e r i o r  wa l l  supp l i ed  by  t h e  LAD. 

2. A t h i r d  couple  in  a s u b e n d o c a r d i a l  l a y e r  of t he  p o s t e r i o r  wa l l  supplied by 
t he  LCA.  
T h e  n o r m a l  p a t t e r n  of m y o c a r d i a l  s e g m e n t  d y n a m i c s  in  r e l a t i o n  to LVP and 

A o P  is s h o w n  in f igure  3 as i t  is o b t a i n e d  b y  th i s  me thod .  D u r i n g  the  initial 
f i l l ing  (I) s e g m e n t  l e n g t h  i nc r ea se s  r ap i d l y  r e a c h i n g  its m a x i m u m  wi th  atrial 
con t r ac t i on .  W i t h  i n c r e a s i n g  t e n s i o n  d u r i n g  the  i sovo lumic  p h a s e  (II) segmental 
l e n g t h  s l igh t ly  dec rea se s  caused  by  changes  in g e o m e t r y  of the  total left 
v e n t r i c l e  d u r i n g  th i s  per iod.  A f t e r  aor t i c  v a l v e  o p e n i n g  (e ject ion:  III) the 
s e g m e n t  s h o r t e n s  w i t h  a l m o s t  c o n s t a n t  veloci ty .  D u r i n g  r e l a x a t i o n  further 
s h o r t e n i n g  occu r re s  a long  t he  m i n o r  axis  r e l a t e d  to t he  changes  of left 
v e n t r i c u l a r  shape .  

F r o m  these  c u r v e s  t he  fo l l owing  p a r a m e t e r s  can  be  o b t a i n e d :  
1. t he  endd i a s to l i c  l e n g t h  (EDL), 2. t he  endsys to l i c  l e n g t h  (ESL), 3. the  contrac- 

t ion  a m p l i t u d e  (,iL), a n d  4. t he  ve loc i ty  of s h o r t e n i n g  (dL/dt).  
EDL a n d  1 L  are  u sed  to desc r ibe  r eg iona l  m y o c a r d i a l  f unc t i on  in the 

fo l lowing.  The  p r e s s u r e - l e n g t h - l o o p  g e n e r a t e d  f r o m  the  s igna l s  shown below 
i l l u s t r a t e s  e v e n  b e t t e r  t he  a b o v e  d e s c r i b e d  r e l a t i o n  b e t w e e n  L V P  and  segment 
l e n g t h  ( compare  fig. 3 b). 

E x p e r i m e n t a l  p r o c e d u r e  

A t o t a l  of  20 d o g s  w e r e  s u b j e c t e d  to  t h e  f o l l o w i n g  p r o c e d u r e :  Total  and 
r e g i o n a l  m y o c a r d i a l  f u n c t i o n  w e r e  m e a s u r e d  in  t h e  f u n c t i o n a l  s t e a d y  state 
a t  t h e  i n i t i a l  h e m a t o c r i t  l e v e l  (45~ • 3o/o). T h e r e u p o n  t h e  LAD was 
m e c h a n i c a l l y  c o m p r o m i s e d  b y  a m i c r o m e t e r  s n a r e  u n t i l  t h e  segmental 

EI )L  AoP 

L 

ESL - LVP 

I I I  I I I  IV  

Fig. 3 a. N o r m a l  p a t t e r n  of phas i c  changes  of s e g m e n t  d i m e n s i o n s  during the 
h e a r t  cycle r e l a t e d  to L V P  a n d  A o P  (scheme).  

I. f i l l i ng -phase ,  II. i sovo lumic  phase ,  III .  e jec t ion,  IV. r e l a x a t i o n  
EDL = endd i a s to l i c  s e g m e n t  l e n g t h  
ESL -- endsys to l i c  s e g m e n t  l e n g t h  
, tL  = c o n t r a c t i o n  a m p l i t u d e  
:11//lt = ve loc i ty  of s e g m e n t  s h o r t e n i n g  
L V e d P  = lef t  v e n t r i c u l a r  endd i a s t o l i c  p r e s s u r e  
L V P  = lef t  v e n t r i c u l a r  p r e s s u r e  
AoP  : aor t i c  p r e s s u r e  
(For  e x p l a n a t i o n  see t he  text .)  



Hagl et al., The effect of hemodilution on regional myocardial function 349 

function in the d e p e n d e n t  myoca rd i a l  area  was s ign i f i can t ly  d i s turbed .  
Subsequently the  m i c r o m e t e r  was re leased for 0.1 m m  in c i r cumfe rence  
insuring tha t  s egmen ta l  func t ion  came back to the cont ro l  level.  Af te r  
recording, s tepwise  (5% Hct steps) h e m o d i l u t i o n  was pe r f o r me d  by 
continuous blood d e x t r a n  60 (37 'C)  exchange accord ing  to the  method  of 
Messmer et al. (17). The dogs were  bled via  a 3 m m  c a n n u l a  placed in the 
femoral ar tery .  In fus ion  was pe r fo rmed  via a 5 m m  c a n n u l a  inse r ted  into 
the femora] vein.  Ten  to 15 minu t e s  af ter  every  h e m o d i l u t i o n  step and  
after blood gas control  da ta  were  collected d u r i n g  f u n c t i o n a l  s teady state  
condition. H e m o d i l u t i o n  was s topped when  local f unc t i on  was depressed 
to about 50 % of the in i t i a l  value.  The stenosis was t hen  r emoved  and  af ter  
a recovery i n t e r v a l  of 20 m i n u t e s  the m e a s u r e m e n t s  were  repeated.  By this 
method eve ry  hea r t  served as its own control.  In  10 dogs s tepwise  
hemodilution was con t i nued  af ter  r emova l  of the stenosis un t i l  s egmen ta !  
function was s ign i f ican t ly  depressed.  

Resul ts  

A. Influence of i sovolumic  hemodi lu t ion  on total cardiac func t ion  during 
"subcritical" LAD-s tenos i s  

The genera l  effects of progress ive  isovolumic anemia,  induced  by 
continuous blood d e x t r a n  60 exchange  on myocard ia l  pe r fo rmance  are  
shown in f igure  4. At  a hema toc r i t  of 45 o/, the m e a n  values  were:  LVedP  
8.3 • 1 m m H g ,  LVP 118 i 7 m m H g ,  diastol ic  AoP 89 • 7.7 m m H g ,  
CO 2.1 _+ 0.2 l /rain.  Wi th  progress ive  hemod i lu t i on  LVedP and  CO 

Fig. 3b. Normal pattern of phasic changes of segment dimensions during the 
heart cycle related to LVP (original tracings). 

LVP = left ventricular pressure 
L = segment length 
lower panel: dynamics of a subendocardial muscle segment (parallel to the minor 

heart axis) and LVP 
upper panel: left ventricular pressure-length loop generated from the signals 

shown below 
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inc reased  c o n t i n u o u s l y  and  reached 12.1 • 1.4 m m  Hg ( §  460/0, p < 0.05} 
respec t ive ly  3.5 • 0.6 1/min ( +  67% , p < 0.05) at 15%  hematocri t .  LVP 
and  diastol ic  AoP decreased by -3~ and  - 1 3 %  (p ~ 0.05). Af ter  removal 
of co rona ry  s tenosis  LVedP, LVP, and  diastol ic  AoP fell, bu t  cardiac 
ou tpu t  rose. These changes howeve r  were  not  s ign i f ican t  (compare table 1). 
The  i n f luence  of h e m o d i l u t i o n  on HR, CVP, PAP,  LAP,  dP/dt ,  and  (dP/dt): 
IP are s u m m a r i z e d  in  tab le  1. Lower ing  hema toc r i t  f rom 45 % to 15 % 
induced  an  increase  in  P A P  ( §  47 ~ p ~ 0.05), in L A P  ( +  64 ~ p 1> 0.05), 
in  dP/dtm:,x (•  3 ~ p ~  0.05), and  in (dP/dt): IP ( §  32 ~ p >  0.05). The 
veloci ty  of left  v e n t r i c u l a r  r e l axa t i on  fell c o n t i n u o u s l y  f rom 1790 mm Hg/s 
to 1376 (-23 ~ , p >  0.05). HR and  CVP did no t  s ign i f i can t ly  change 
(compare tab le  1). In  response  to co rona ry  f low res to ra t ion  no significant 
changes of these p a r a m e t e r s  were  observed.  

Coronary stenosis 

5 ~  

150 r 
LVP / 

( mm Hg ) ~ 'T  

100 R,. .~ J- J- / 

100 r 

aio,,.AoP/T 
(ram H g ) / L ~ T   o[i 

ooL --i,,,[ 
4 

CO 
( Ilmin ) T 

T! 
.L 

o .145 35J 251 4 T~.I-- .~0 (~) 

Hernodilution ~ .  

Fig. 4. Effects of hemodilution on total left ventr icular  function during "sub- 
critical" LAD stenosis. 

LVedP -- Left ventr icular  enddiastolic pressure 
LVP = left ventr icular  pressure 
diast. AoP = diastolic aortic pressure 
CO = cardiac output 
(values are expressed as mean _+ SEM) 
LAD stenosis was removed at 15 % Hct. 
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B. Influence o~ increasing anemia on coronary flow 

F i g u r e  5 d e m o n s t r a t e s  the  effects of p rogress ive  isovo[umic hemodilu- 
t ion  on co rona ry  f low in  the  in t ac t  LCA and  the  mechan ica l ly  compromised 
LAD. P r io r  to the  p l a c e m e n t  of co rona ry  s tenosis  the  f low in  the LAD 
ave raged  68 +_ 10 m l / m i n  and  90 m l / m i n  in  the  LCA. QLAD fell  slightly to 
68 m l / m i n  in  response  to the  p l a c e m e n t  of a "subcr i t ica l"  stenosis and 
r e m a i n e d  fa i r ly  cons t an t  over a wide  r ange  of hematocr i t .  At 15% 
h e m a t o c r i t  QL~xD reached 100 +__ 10.7 m l / m i n  which equa ls  a 47 ~ increase 
(p ~ 0.05). In  contras t ,  QLCA showed an  ea r ly  sharp  inc rease  in  response to 
a n e m i a  and  reached an  excessive m e a n  va lue  of 280 m l / m i n  at 15~ 
hema toc r i t  ( §  211 ~ Af t e r  co rona ry  stenosis  was  r e m o v e d  QLAD increased 
to 192 + 23 m l / m i n  ( §  182% , p ~  0.05) and  r e m a i n e d  cons tan t  at this 
level.  

C. Influence o~ hemodilution on regional myocardial function: 

I. in the myocardial area supplied by the intact LCA (fig. 6 B) 

With  progress ive  a n e m i a  the  EDL increased  s l igh t ly  whi le  ESL fell 
and  s u b s e q u e n t l y  ~ L  rose. L o w e r i n g  the  h e m a t o c r i t  frora 45 % to 15% 
both  EDL and  •L increased  s ign i f i can t ly  by  9 % respec t ive ly  38.4% 
(p <= 0.05). Af te r  r e s to ra t ion  of co rona ry  f low EDL a nd  AL decreased. 
Whi le  EDL r e t u r n e d  a lmos t  back to the  in i t i a l  r a n g e ,  ~L  remained 
d i s t inc t ly  e l eva ted  above  the  va lue  found  at  45 % hematocr i t .  These values 
are  a lmos t  iden t i ca l  to those found  in p rev ious  exper iments ,  where 

( •  Coro 
(mltmln) 

3OO 

200 

100 

Coronary stenosis 

1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T 

o J O  / ~176 
LCA 

LAD 

o - - - I ~ - !  ' I I ' ~ ! - - - - -  He! (%) 
45 35 25 15 

Hernodilution 

Fig. 5. Influence of isovolumic hemodilution on coronary flow. 
LAD = left anterior descending artery (mechanically compromised) 
LCA = left circumflex artery (intact) 
LAD stenosis was removed at 15 Hct. 
Values are expressed as mean _ SEM. 
(For explanation see the text.) 
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hemodilution was  p e r f o r m e d  in h e a r t s  w i th  i n t a c t  c o r o n a r y  c i r cu l a t i on  
(compare fig. 6A).  

H. in the myocard ia l  area suppl ied  by the  s tenosed  L A D  (Jig. 6 C) 

In r e sponse  to h e m o d i l u t i o n  f r o m  45 % to 15 % s u b e n d o c a r d i a l  a n d  
epicardial s e g m e n t s  s h o w e d  a s igni f icant  i n c r e a s e  in  E D L  by  19.7 % 
{p<0.05} of  t he  i n i t i a l  va lue .  The  c o n t r a c t i o n  a m p l i t u d e  AL d e c r e a s e d  
continuously w i t h  p r o g r e s s i v e  a n e m i a  a n d  a v e r a g e d  5 4 . 1 %  (-45.9% , 
p<0 .05)  of t he  in i t i a l  v a l u e  a t  a h e m a t o c r i t  of  15 % . No s ign i f i can t  
difference b e t w e e n  the  s u b e n d o c a r d i a I  and  the  e p i c a r d i a l  s e g m e n t  in 
response to h e m o d i l u t i o n  was  obse rved .  A f t e r  r e m o v a l  of  L A D  s tenos i s  
EDL fell  f r om 119.7 ~ to 106.5 ~ and  AL rose  f rom 54.1 to 93.5 o/o. The  
induced "changes w e r e  s ign i f i can t  (p < 0.05). 

The in i t i a l  e f fec ts  of r e m o v i n g  the  s tenosis  on the  d y n a m i c s  of t he  
different s e g m e n t s  a t  a h e m a t o c r i t  of 15 ~ a r e  shown  in f i g u r e  7. T h e  
decrease in E D L  of a l l  s e g m e n t s  is c l e a r l y  d e m o n s t r a t e d .  The  2 L  in -  
creased in L1 a n d  Le in r e sponse  to r e s t o r e d  pe r fu s ion  w h i l e  t he  2 L  of  
the control s e g m e n t  L 3 d e c r e a s e d  as de sc r ibed  above .  

Regional  m y o c a r d i a l  func t ion  a t  a l ow  h e m a t o c r i t  and  r e s t r i c t e d  
coronary p e r f u s i o n  is c h a r a c t e r i z e d  b y  a l ow p e r f o r m a n c e  of the  a f f e c t e d  
segment as  d e m o n s t r a t e d .  Bes ides  these  e f fec t s  f r e q u e n t l y  loca l  d y s f u n c -  
tion was obse rved .  F i g u r e  8 shows  an  e x a m p l e .  A t  a h e m a t o c r i t  of  15 % 

A 
2 0 0  

1 5 0  

1 0 0  

5 0  

0 L 

45  

_~.~-- 
- ~  �9 1. EDL 

I1_ i I 

,35 25 15 

Hemodi luf ion 

H o t ( % )  

Fig. 6a. Effects of progressive isovolumic hemodilut ion on regional  myocardia l  
function in hear ts  wi th  intact  coronary arteries.  

Panel A: segment (subendocardial  muscle layer) supplied by the intact LAD 
EDL ---- enddiastol ic  segment  length 
3L = contraction ampl i tude  
Values are expressed as mean • SEM. 
(For explanation see the text,) 



354 Basic Research in Cardiology, Vo[. 72, No. 4 (1977) 

% 
Coronary sfeno$is 

2 0 0  

I . . . .  T 

150 

100 

5 0  

T 
~ J "  I I 

L , ' I , - - - I  

4 5  :35 2 5  15 

Hemodliution ~ p1. 

Hr (%)  

2 0 0  

1 5 0  

1 0 0  

5 0  

Coronory stenosis 

1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T 

0~..._.---------- E ~ I ~ ~ ~ EDL 

.L 

O L I I i '  | ~ct ( % )  

4 5  3 5  25  15 

Hemodilution -- 

Fig. 6b.  Ef fec ts  of p r o g r e s s i v e  i sovo lumic  h e m o d i l u t i o n  on r eg iona l  myocardial 
f unc t i on  d u r i n g  t he  p r e s e n c e  of " subc r i t i c a l "  L A D  stenosis .  

P a n e l  B:  s e g m e n t  3 ( s u b e n d o c a r d i a l  m u s c l e  layer)  d e p e n d i n g  on the  intact LCA 
P a n e i  C: s e g m e n t  1 a n d  2 ( s u b e n d o c a r d i a l  and  e p i c a r d i a l  m u s c l e  layer)depending 

on  t he  restr ic ted L A D  
EDL = endd i a s to l i c  s e g m e n t  l e n g t h  
-JL = c o n t r a c t i o n  a m p l i t u d e  
LAD s tenos is  was  r e m o v e d  at  15 % h e m a t o c r i t  i n d i c a t e d  by  t he  a r row.  
Va lues  a re  e x p r e s s e d  as m e a n  + SEM. 
(For  e x p l a n a t i o n  see  the  text .)  

L1, e v e n  m o r e  p r o n o u n c e d  L2 s h o w e d  d i s t u r b e d  f u n c t i o n .  T h e  velocity 
of  s h o r t e n i n g  a n d  t h e  c o n t r a c t i o n  a m p l i t u d e  w e r e  m a r k e d l y  r educed .  The 
m a i n  p a r t  of s h o r t e n i n g  o c c u r r e d  d u r i n g  v e n t r i c u l a r  r e l a x a t i o n .  These 
c h a n g e s  a r e  a l so  v i s i b l e  in  f i g u r e  7 (L 1 a n d  L2) b e f o r e  r e m o v a l  of the 
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Fig. 7. Effect of removal  of the stenosis on regional myocardial function at a 
hemotocrit  of 15 o/~ (original tracing). 

LVP = left ventr icular  pressure 
dP/dt = rate of left ventr icular  pressure rise 
AoP = aortic pressure 
L t ~ segment (subendocardial muscle layer) depending on restricted LAD 
L, = segment (epicardial muscle layer) depending on restricted LAD 
L:~ = segment (subendocardial muscle layer) depending on intact LCA 
(For details see the text.) 
(Recorder was stopped for 15 seconds during removal of the stenosis to prevent  
mechanical artefact  on the chart.) 

stenosis. F u r t h e r m o r e ,  mechan ica l  a l t e r n a n s  is g e n e r a t e d  in the m y o c a r d i a l  
region with  r e s t r i c t ed  c o r o n a r y  pe r fus ion  whi l e  the in tac t  s egm en t  showed  
normal funct ion.  A f t e r  r e m o v a l  of c o r o n a r y  stenosis reg iona l  func t ion  
improved i m m e d i a t e l y  and the  signs of dys func t ion  d i sappeared .  In 
figure 9 an e x p e r i m e n t  is dep ic ted  w h e r e  mechan ica l  a l t e rnans  appea red  
at 15% h e m a t o c r i t  (9A) in the  area  suppl ied  by the res t r i c t ed  L A D  
(Lt + L.z). A f t e r  s tenosis  was  r e m o v e d  the  a l t e r n a t i n g  pa t t e rn  changed  to 
regular cont rac t ion .  

D. Influence of hemodiIu t ion  on muscle  distensibi l i ty  in hearts w i th  normal  
and restricted coronary per fus ion  

The genera l  ef fects  of h e m o d i l u t i o n  on reg iona l  m yoca rd i a l  d i s tens ib i l i ty  
and regional f unc t i on  are  shown  in f igu re  10. 

In the u p p e r  pane l  L V e d P  is p lo t t ed  versus  EDL;  in the  l o w e r  L V P  
is plotted ve r sus  ESL.  

In A h e m o d i l u t i o n  was p e r f o r m e d  in a hea r t  w i th  in tac t  co rona ry  
circulation. Wi th  dec reas ing  h e m a t o c r i t  f rom 45 to 12 % L V e d P  increased  
at fairly cons tan t  E D L  d e m o n s t r a t i n g  reduc t ion  in m y o c a r d i a l  d i s tens ib i l i ty .  
In contrast, d u r i n g  the  p re sence  of co rona ry  stenosis  (C: L~ ~ Le) the s lope 
of the p r e s s u r e - l e n g t h  r e l a t ion  is f l a t t ened  as obse rved  d u r i n g  acute  
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Fig. 8. Regional myocardial  dysfunction (mechanical alternans, in L~ and L~ and 
ischemic bulging in L2) in the area supplied by the stenotic LAD at a hemat0crit 
level of 18 %. Normal contraction pattern in the region depending on the intact 

LCA (L3), 

LVP = left ventr icular  pressure 
dP/dt -- rate of left ventr icular  pressure rise 
AoP = aortic pressure 
QAo ~ aortic flow 
(original tracing) 
(For explanation see the text.) 

ischemia.  The  con t ro l  s e g m e n t  (B: L~) in the  same  h e a r t  showed similar 
resu l t s  as ob t a ined  in A. In response  to pe r fus ion  at  15 % hemat0crit 
the  L V e d P  dec reased  in B and C, reach ing  the  in i t ia l  values .  EDL of the 
cont ro l  s egmen t  L 3 (B) dec reased  d e m o n s t r a t i n g  r educed  compliance in 
the  low h e m a t o c r i t  s ta te  e v e n  a f te r  r e m o v a l  of the  stenosis.  The EDL of 
the  p r e v i o u s l y  u n d e r p e r f u s e d  s e g m e n t  (C) r e m a i n e d  at a higher level 
c o m p a r e d  to the  in i t ia l  va lue .  

The  E S L  dec reased  w i t h  peak  L V P  in A bu t  rose t remendous ly  in C 
d e m o n s t r a t i n g  the  r e s t r i c t ion  of the  func t iona l  capac i ty  of the under- 
p e r f u s e d  musc le  area.  In the  cont ro l  s e g m e n t  E S L  r e m a i n e d  unchanged 
w i t h  dec reas ing  pLVP.  W i t h  r e s to r a t i on  of c o r o n a r y  flow ESL of the 
con t ro l  s e g m e n t  (B) dec reased  wh i l e  the  s e g m e n t  in C r e m a i n e d  unchanged 
as c o m p a r e d  to the  in i t ia l  va lues ,  
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Fig. 9. Effect of coronary flow restoration on regional myocardial dysfunction 
at a hematocri t  level of 15 %. 

A = before, B: after removal  of the stenosis 
Lt = subendocardial muscle segment (restricted LAD flow) 
L~ = epicardial musce segment (restricted LAD flow) 
L 3 = subendocardial muscle segment (intact LCA flow) 
(See the text for explanation.) 

E. The e f fec t  of  f u r t h e r  hemod i lu t i on  a f ter  r emova l  of  coronary  s tenos is  

In 10 e x p e r i m e n t s  h e m o d i l u t i o n  was  con t inued  a f te r  co rona ry  s tenosis  
was removed at a h e m a t o c r i t  l eve l  of 15 % . The  EDL and IL r e m a i n e d  
fairly constant  un t i l  a h e m a t o c r i t  of about  8 ~ was reached. 

At this l eve l  depress ion  of m y o c a r d i a l  func t ion  wi th  p r o n o u n c e d  
increase in E D L  and m a r k e d  decrease  in ,IL appea red  and b e c a m e  
progressively i m p a i r e d  wi th  f u r t h e r  di lut ion.  At  5 % h e m a t o c r i t  50 ~/. 
of the dogs died. 

To detec t  m a s k e d  l im i t a t i on  of m y o c a r d i a l  func t ion  d u r i n g  the  
asymptomatic r ange  b e t w e e n  15 % and 8 % h e m a t o c r i t  t e m p o r a r y  to ta l  
occlusion of the  L A D  was  p e r f o r m e d  at 10 % h e m a t o c r i t  and the  effects  
compared to those  o b s e r v e d  at h e m a t o c r i t  l eve ls  of 42 % and 19 % in the  
same heart.  In response  to c o r o n a r y  occlusion EDL and ESL i m m e d i a t e l y  
increased wh i l e  ~ L  fel l  m a r k e d l y .  D u r i n g  the occlusion per iod  local 
dysfunction w i t h  p a r a d o x i c a l  systol ic  expans ion  of the ischemic musc le  
occurred. A f t e r  re lease  of c o r o n a r y  occlusion i m m e d i a t e  r e s to ra t ion  of 
regional func t ion  was  d e m o n s t r a t e d  at 42 % and 19~u hema toc r i t .  At  
10% h o w e v e r  r e c o v e r y  was  m a r k e d l y  de l ayed  and p roceeded  at a 
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Fig. 10. Effects of hemod i l u t i on  on d iasto l ic  and systol ic pressure- length  relation- 

ship 

A ~ heart with intact coronary circulation 

B = heart with restricted LAD flow (control segment supplied by intact 

LCA) 
C ~ segment in the same heart as B but in an area supplied by the 

stenosed LAD 

LVedP ~ left ventrieular enddiastolic pressure 

EDL ~ enddiastolic segment length 
LVP = left ventr icular  pressure 
ESL ~ endsystolie segment length 
The numbers  along curves indicate the hematocrit levels. 
(For explanation see the text.) 

d i s t inc t ly  s lower  ra te  i nd i ca t ing  the  m a r g i n a l  metabol ic  state at this 
hematoc r i t  level.  

D i s c u s s i o n  

The p resen t  s tudy  considers  the  genera l  effects of i sovolumic  hemodilu- 
t ion  wi th  d e x t r a n  60 on total  and  reg iona l  myoca rd i a l  func t ion  in anaes- 
thet ized open-chest  dogs wi th  in t ac t  and  res t r ic ted  co rona ry  circulation. 
The va l id i ty  of the  data  g iven  in this  repor t  depends  to a great  deal on 
the me thod  used to eva lua t e  reg iona l  myoca rd i a l  func t ion .  The ultrasonic 
t r a n s i t - t i m e  me thod  was ca re fu l ly  e x a m i n e d  in p rev ious  studies (12, 14), 
The  m a x i m a l  e lec t ron ica l  error,  i nduced  by  t r i gge r ing  dynamic  signals 
wi th  u n s t a b l e  a m p l i t u d e s  was ca lcu la ted  to 75 pm.  The  stability of 
m e a s u r e m e n t s  over  hours  and  the  r epea t a b i l i t y  of response to ex- 
p e r i m e n t a l l y  i nduced  def ined  changes d e m o n s t r a t e d  the electronical and 
mechan ica l  s t ab i l i ty  of the method.  F u r t h e r m o r e  the  t r a u m a  to the my0- 
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Fig. I1. Influence of different degrees of anemia (Hct 42 ~ 19 ~ and i0 %0 on 
the recovery time after temporary coronary occlusion in a heart with intact 

coronary arteries. 
LVP = left ventr icular  segment 
L = subendocardial muscle segment 
(original tracing) 
(For explanation see the text.) 

cardium d u r i n g  i m p l a n t a t i o n  of the crys ta ls  is m i n i m a l  as d e m o n s t r a t e d  
by histological e x a m i n a t i o n  (29). Compared  to other  direct  methods,  the 
main advan tage  is the d i sconnec t ion  of the t r ansduce r s  f rom each o ther  
which highly  reduces  mechan ica l  ar tefacts .  

The method  to p roduce  g raded  co rona ry  stenosis by us ing a m i c r o m e t e r  
snare led to fa i r ly  r ep roduc ib l e  resul t s  in respect  to co ronary  flow and  
regional myoca rd i a l  func t ion .  The  quant i f ica t ion  of co rona ry  s tenosis  is 
jeopardizing due  to a s y m m e t r y  n a r r o w i n g  of the co rona ry  a r t e r y  a nd  
changes in s tenosis  length .  Therefore ,  the degree of co rona ry  a r t e ry  
restriction to p roduce  subcr i t i ca l  co rona ry  stenosis was d i rec t ly  deduced  
from its effect on reg iona l  myoca rd i a l  funct ion,  neg lec t ing  the pe rcen tage  
of the na r rowing .  F r o m  rough  calcula t ion,  however ,  it is suggested tha t  
each stenosis which was found  "subcr i t ica l"  in this s tudy  was h igher  
than 80 ~ 

The most  s t r i k ing  effect in response  to h e m o d i l u t i o n  is the increase  
in cardiac ou tpu t  (CO). In  the p re sen t  s tudy  a 67 % increase  in CO was 
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found,  w h e n  hema toc r i t  was  lowered  f r o m  4 5 %  to 15 % . Fowler and 
Holmes (8) descr ibed  nea r ly  doubled  CO-va lues  in response  to anemia 
(Hct 44.40/0--> 18.1 ~ Similar  resul ts  w e r e  found  by  Escobar et al. (7), 
GIick et al. (11), ]YIessmer et al. (16), Carey et al. (4), Murray  and Rapaport 
(18) and  could be de m ons t r a t e d  in our  cont ro l  exper iments .  The difference 
be tween  these values  and the  da ta  g iven in the  p resen t  pape r  is explained 
by  the  d i f fe ren t  expe r imen ta l  condit ions.  I n  con t ras t  to  ou r  s tudy where 
c o r o n a r y  per fus ion  to a re la t ive ly  large  area  of the left ventricle was 
limited, the  da ta  g iven  in the l i t e ra tu re  w e r e  found  in hea r t s  with intact 
c o r o n a r y  circulat ion.  

Calcula ted  total  pe r iphera l  res is tance decreased  wi th  progressive 
anemia  due to the  i m p r o v e m e n t  of blood fluidity and  the  increase in total 
vascu la r  cross section. This resul t  is in accordance  wi th  the  findings of 
o ther  au thors  (17, 19, 24). The increase  in the  tota l  cross sectional area 
of the  vascu la r  bed migh t  be exp la ined  on a metabol ica l  basis or by the 
i m p r o v e m e n t  of blood fluidity per  se (24, 8). The  s tudies  of Murray and 
Escobar (19) lend suppor t  to the  concept  t ha t  the  decrease  in blood 
viscosi ty  is the  responsible  mechan i sm for  the  decrease  in total  peripheraL 
resistance.  The  r educ t ion  of o x y g e n  con ten t  at cons tan t  viscosi ty did not 
increase  cardiac  output .  Wi th  d e x t r a n  exchange  anemia,  however ,  cardiac 
ou tpu t  rose. 

The  reduc t ion  in a f te r load  is sugges ted  to be the  p r i m a r y  cause for 
the  increase  in card iac  ou tpu t  (7, 8, 16). Bes ides  this effect  of hemodiluti0n 
based on the  i m p r o v e m e n t  of  b lood fluidity addi t ional  mechanisms seem 
to be involved.  Escobar and  co -worke r s  (7) conc luded  f r o m  their studies 
tha t  i m p r o v e d  cardiac  p e r f o r m a n c e  in anemia  is the  resul t  of both 
enhanced  myoca rd i a l  con t rac t i l i ty  and  reduced  af ter load.  

Murray  and  Rapaport  (18) descr ibed  an increase  in myocardial  con- 
t rac t i l i ty  which in the i r  opin ion  is caused  by  release of noradrenalin 
f rom sympa the t i c  ne rve  endings  or  stores in the hear t .  In  an earlier 
communica t i on  Fowler and  Holmes (9) sugges ted  tha t  besides the reduc- 
t ion in a f te r load  an un ident i f ied  h u m o r a l  subs tance  expla ins  the  improved 
or  ma in t a ined  lef t  ven t r i cu l a r  p e r f o r m a n c e  dur ing  anemia.  Messmer 
and  co -worke r s  (15) did f ind no i m p a i r m e n t  of myoca rd i a l  contractility 
w i th  d e x t r a n  exchange  anemia  us ing (dP/dt):  IP  as a contract i le  index. 
In  p rev ious  studies in the  isolated i sovolumica l ly  bea t ing  dog heart no 
change in cont rac t i l i ty  dur ing  l imited hemod i lu t ion  could be demon- 
s t ra ted  (13). 

I n  the presen t  paper  (dP/dt):  IP  increased  wi th  progress ive  hemodiiu- 
tion, bu t  the  changes w e r e  not  significant.  The  d i f fe ren t  experimental 
condit ion,  however ,  does no t  a l low a direct  compar i son  with results 
ob ta ined  f r o m  hear t s  wi th  intact  c o r o n a r y  circulat ion.  A n o t h e r  mechanism 
by  which  the  hea r t  could enhance  its ou tpu t  is based  on the Frank 
Starling law. Rodriguez and  co -worke r s  (26) found  an increased end- 
diastolic vo lume  wi th  d e x t r a n  exchange  anemia.  Escobar and associates 
(7) d e m o n s t r a t e d  a sl ight  bu t  insignif icant  increase  of enddiastol ic  volume. 
F r o m  the  e levat ion  in left  enddiastol ic  pressure  at  fa i r ly  constant end- 
diastol ic  vo lume  they  sugges ted  decreased  myoca rd i a l  distensibility. 
Using enddias tot ic  s e gm e n t  l eng th  as a m e a su re  of  init ial  fiber length 
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and enddiastolic volume our data from the control group - where hemodilu- 
tion was performed in hear t s .wi th  intact coronary circulation (compare 
fig. 6a ) -demons t r a t e  no significant increase with progressive anemia. 
LVedP, however, increased markedly.  The pressure-length relationship 
(compare fig. 10 a) shows a pronounced decrease in myocardial  compliance. 
These findings confirm the results of previous studies in the isolated 
isovolumically beating hear t  (13). In our opinion, the decrease in 
myocardial distensibility is brought  about by the excessive increase in 
coronary flow due to improvement  of blood fluidity and reactive coro- 
nary vasodilation. Coronary volume capacity is widely filled up by the 
increased coronary flow enhancing total intracoronary blood volume and 
thus ventricular mural  volume. The intravascular distension forces, which 
are transmitted more directly and less damped, and the rise in ventr icular  
mass leads to an increase in initial fiber length. At a constant  or even 
slightly increased left ventricular  enddiastolic volume the LVedP rises. 
The enhanced int racoronary volume may be considered as an "additional 
preload". Left atrial pressure and pulmonary ar tery  pressure increased 
demonstrating the compensatory effort. 

The decrease in enddiastolic length at a constant contractile state is 
considered to be the result of both reduced afterload and increased 
preload. Despite the increase in LVedP at a constant left ventr icular  
volume, Escobar and co-workers (7) suggested that an increase in initial 
fiber length cannot be implicated as the mechanism which the heart  uses 
to enhance its output  in acute experimental  anemia. 

Acute isovolumic dextran anemia leads to a preferential increase of 
coronary flow (18, 23, 30). Lowering hematocri t  from 47.8 % to 19.3 ~ 
Murray and Rapaport (18) found a 192 ~ increase in coronary flow. 
v. Restorff and associates (25) described a sevenfold increase of coronary 
fl0w in response to anemia (Hct--> 12.5 %) in conscious dogs at rest. An 
excessive increase in coronary blood flow by diminishing hematocrit  was 
also reported by Bassenge and co-workers (1) and Case et al. (5). In the 
present study a 211 ~ increase in blood flow in the intact LCA was noted 
when the hematocri t  was lowered to 15 %. In contrast, the flow in the 
mechanically restricted LAD rose only by 47 % within the same hematocri t  
range. It is suggested that  this small increase is caused by the decrease in 
blood viscosity at an already highly limited respectively depleted coronary 
reserve capacity. Myocardial function in the are supplied by the restricted 
LAD was progressively depressed. EDL increased continuously while AL 
fell. At a hematocri t  level of 35 % AL was already reduced to 8 1 %  and 
at 15 ~ hematocrit  to 54 % of the initial value (compare table 1). This 
decrease in performance indicates insufficient coronary perfusion. Start ing 
from a hematocrit  of about 30 % local rhythmic disturbances as al ternating 
contraction (compare fig. 9) were frequently observed besides hypokinesia. 
Below 22 % hematocri t  signs of regional dysfunction at different severity 
as seen in states of myocardial  ischemia (12) occurred (compare fig. 8 
and 9). The velocity of shortening was progressively reduced until systolic 
bulging was fully developed. 

The improvement  of regional myocardial  function in the area depending 
on the intact LCA must be considered as an at tempt of the intact 
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m y o c a r d i u m  to c o m p e n s a t e  for  t he  h y p o k i n e s i a  in  a r e l a t i v e l y  large part 
of t he  l e f t  ven t r i c l e .  The  r e s t o r a t i o n  of m y o c a r d i a l  f unc t ion  to normal 
and  the  d i s a p p e a r a n c e  of a r r h y t h m i a  a n d  i schemic  s igns  in response to 
r e m o v a l  of  t he  s tenos is  ( c o m p a r e  fig. 8 a n d  9) d e m o n s t r a t e s  t he  reversibility 
of m y o c a r d i a l  d a m a g e  and  the  suf f ic ient  o x y g e n  s u p p l y  a t  th is  hematocrit 
l eve l  of 15 %,  p r o v i d e d  the  c o r o n a r y  c i r c u l a t i o n  is in tac t .  These  results 
a r e  in  a g r e e m e n t  w i t h  t h e  f indings  of Case et  al. (5) who  found  that in 
t he  p r e s e n c e  of c o r o n a r y  s tenos is  a n e m i a  a c c e n t u a t e s  t he  depression of 
v e n t r i c u l a r  func t ion ,  v. RestorJf  a n d  c o - w o r k e r s  (25) also discussed the 
poss ib l e  r a n g e  of h e m o d i l u t i o n  in c o r o n a r y  v a s c u l a r  d isease .  In  hearts 
w i t h  i n t ac t  c o r o n a r y  c i r cu la t ion ,  Buckberg  and  Brazier  (2) demonstrated 
t h a t  even  w i t h  m o d e r a t e  h e m o d i l u t i o n  s u b e n d o c a r d i a l  i schemia  can occur 
w h e n  o x y g e n  r e q u i r e m e n t s  a r e  r a i s e d  b y  e x p e r i m e n t a l  ao r t i c  stenosis. The 
c l in ica l  success  ach i eved  w i t h  t he  use  of h e m o d i l u t i o n  in pa t ien ts  with 
s e v e r e  c o r o n a r y  a r t e r y  d i sease  r e p o r t e d  b y  Y o s h i k a w a  et  al. (32) is in 
c o n t r a d i c t i o n  to ou r  resu l t s .  No da ta ,  h o w e v e r ,  a r e  a v a i l a b l e  which dem- 
o n s t r a t e  t he  i m p r o v e d  p e r f u s i o n  o r  m e c h a n i c a l  p e r f o r m a n c e  of the 
i schemic  m y o c a r d i u m  in r e sponse  to h e m o d i l u t i o n .  

In  o t h e r  t y p e s  of  e x p e r i m e n t s  t he  ef fec t  of h e m o d i l u t i o n  on the 
s e v e r i t y  of m y o c a r d i a l  i schemia  d u r i n g  c o r o n a r y  occ lus ion  was  evaluated. 
The  f ind ings  of Nahas  et  al.  (21), Ruiz  et  al.  (27), a n d  Y o s h i k a w a  et al. (32) 
sugges t  t h a t  t he  s e v e r i t y  of i schemia  is d e c r e a s e d  in  r e s p o n s e  to hemodilu- 
t ion.  These  re su l t s ,  h o w e v e r - c o v e r i n g  a spec ia l  s i t u a t i o n - m a y  be mis- 
l e a d i n g  in t he  a p p r o a c h  to d e t e c t  t he  safe  l im i t s  of hemodi lu t ion .  After 
r e m o v a l  of t he  s tenos i s  h e m o d i l u t i o n  cou ld  be  c o n t i n u e d  unt i l  8% 
h e m a t o c r i t  was  r eached  w i t h o u t  a n y  e v i d e n c e  for  i m p a i r m e n t  of total or 
r e g i o n a l  m y o c a r d i a l  func t ion .  T e m p o r a r y  c o r o n a r y  occlus ion,  however, 
wh ich  was  p e r f o r m e d  a t  d i f f e r e n t  h e m a t o c r i t  l eve l s  de mons t r a t e d  the 
m a r g i n a l  m e t a b o l i c  s t a t e  a t  10 ~ h e m a t o c r i t  as i n d i c a t e d  b y  the  increased 
r e c o v e r y  t ime  ( c o m p a r e  fig. 11). 

Conclusion 

The  i m p r o v e m e n t  of b lood  f lu id i ty  fa i l s  to cove r  t h e  o x y g e n  demands 
of t he  m y o c a r d i u m  d u r i n g  p r o g r e s s i v e  i sovo lumic  a n e m i a  in a state of 
d e p l e t e d  c o r o n a r y  r e s e r v e  capac i ty .  

R e v e r s i o n  of h y p o k i n e s i a  a f t e r  r e m o v a l  of s tenos i s  shows  that  myo- 
c a r d i a l  f u n c t i o n  is n o t  i m p a i r e d  a t  a h e m a t o c r i t  as low as 15 %, provided 
the  c o r o n a r y  c i r c u l a t i o n  is in tac t .  

Zusammenfassung 

W/ihrend H~modilut ion n immt die Blutviskosit i i t  ab, und die aortale Ein- 
gangsimpedanz sinkt. Die klinische Anwendung bei Linksherzversagen wurde 
vorgeschlagen, jedoch sind die zu steckenden Grenzen der isovol~mischen 
H~modilut ion wei tgehend unbekannt .  In dieser Arbei t  wurde  untersucht, in- 
wieweit  die reduzier te  O2-Transportkapazit~it des Blutes unter  normaler und 
eingeschr~nkter  Koronar reserve  die Funkt ion  des l inken Ventr ikels  beeinflulk 

Im akuten ~Experiment an 20 Hunden wurde  die LAD subkrit isch stenosieri 
und sowohl die Pumpfunkt ion  des l inken Ventr ikels  als auch die Koronarver- 
sorgung untersucht.  Die regionale Myokardfunkt ion  wurde  nach dem Ultra- 
schal l -Laufzei tpr inzip best immt.  Dazu wurden  piezoelektrische Wandler in die 
Wand des l inken Ventr ikels  implant ier t .  Eine schrit tweise Senkung des H~mat0- 
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krit bis au f  15 % e r fo lg t e  d u r c h  i s o v o l u m i s c h e n  B l u t a u s t a u s c h  m i t  D e x t r a n  60. 
Als Folge k o n n t e  e in  A n s t i e g  des  CVP (~-18~ des  P A P  ( +  47%) ,  des  L A P  
(+ 64~ des  L V e d P  (-~ 46% ) u n d  des CO (~-67 % ) v e r z e i c h n e t  we rden .  De r  
BlutfluD in die n o r m a l  v e r s o r g t e n  M y o k a r d b e z i r k e  s t i eg  u m  das  d r e i f ache  
(QLCA: -b 211%),  w ~ h r e n d  in  de r  LAD n u r  e ine  ge r ingf f ig ige  F lu I~zunahme 
registriert wurde .  Die  endd ia s to l i s che  L~nge  EDL in d e n  m i n d e r v e r s o r g t e n  Myo-  
kardbezirken e r h S h t e  sich au f  1 2 0 % ;  d e r e n  K o n t r a k t i o n s a m p l i t u d e  ~ L  fiel j e -  
doch um 46 % ab. Zug le ich  w u r d e  in  den  n i c h t i s c h ~ m i s c h e n  M y o k a r d a r e a l e n  e in  
kompensator ischer  A n s t i e g  de r  A L u m  ~ - 3 8 %  bei  n u r  m i n i m a l  v e r g r 6 ~ e r t e r  
EDL (+  9 %) deut l ich .  Nach  E n t f e r n u n g  de r  S t enose  k e h r t e n  die  EDL u n d  AL 
auf ihren A u s g a n g s w e r t  zurfick. 

Bei z u n e h m e n d e r  An~imie k a n n  de r  S a u e r s t o f f b e d a r s  in  M y o k a r d b e z i r k e n  
mit erschSpfter  K o r o n a r r e s e r v e  n i ch t  m e h r  in  a u s r e i c h e n d e m  MaDe gedeck t  w e r -  
den. In d iesen  B e r e i c h e n  e n t s t e h t  e ine  isch~imische D y s f u n k t i o n .  Die  G e s a m t -  
vent r ike l funkt ion  k a n n  j edoch  d u r c h  k o m p e n s a t o r i s c h e  H y p e r k i n e s i e  des  R e s t -  
ventrikels e r h a l t e n  b le iben .  Se lbs t  be i  e i n e m  H~imatokr i t  yon  1 5 %  ist  die 
Hypokinesie n a c h  E r 6 f f n u n g  de r  S t enos e  in den  b i s l a n g  i s ch~mischen  A r e a l e n  
reversibel. 
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