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SUMMARY

O b s t ru c t iv e  a r t e r i a l  disease is common and is a major  

source o f  m o rb id i ty .  I t  is f re q u e n t ly  not amenable to d i r e c t  

surgery ,  but there  is no e f f e c t i v e  form o f  medical therapy.

The use o f  v a s o d i l a t o r  drugs to lower vascular  re s is tance  

has been d is c r e d i t e d .

Although in theory f low should be increased by reducing  

blood v i s c o s i t y , t h e  f low proper t ies  o f  blood are complex and 

u n p re d ic tab le  in v ivo .  In v i t r o  blood v is c o s i t y  Increases  

enormously a t  very low shear rates and a y i e l d  s t ress  e x is ts  

( t h a t  is a f i n i t e  minimum force  is required fo r  f low  to s t a r t ) .  

These p r o p e r t ie s  are  re la te d  both to haematocr it  and the 

presence o f  f ib r in o g e n ,  and would be o f  g reat  th e r a p e u t ic  

p o t e n t i a l  i f  r e f l e c t e d  in v iv o ,  since plasma f ib r in o g e n  

c o n c e n t r a t io n ,  and to some extent haematocr it  can be s a f e ly  

mani p u la te d .

I n i t i a l l y  a simple canine model was used to in v e s t ig a te  

the e f f e c t  o f  d e f ib r in o g en a t io n  on blood f low .  A c r i t i c a l  

a r t e r i a l  s tenosis  was created in one femoral a r t e r y  and 

e le c t ro m a g n e t ic  flowmeters used to measure f low through both 

femoral  a r t e r i e s  and card iac  output.  In both limbs o f  the 

contro l  animals and in the non ischaemic limb o f  the  

d e f ib r in o g e n a te d  animals f low decreased as did c ard ia c  outpu t .  

However, in the ischaemic limb of  the d e f ib r inogena te d  animals 

f low r e l a t i v e  to  card iac  output increased s i g n i f i c a n t l y  a f t e r  

d e f ib r in o g e n a t io n  suggesting that  f ib r inoge n  might be important  

in low f lo w  s t a t e s .  These experiments were not conclus ive  

however as the in f lu en ce  o f  changes in vasomotor tone or coagulat ion
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could not be excluded.

To t r y  to exclude inf luences o ther  than blood v is c o s i t y ,

an i s o la t e d  canine hind limb prepara t ion  was devised in which 

f resh  a n t i  coagulated canine blood a t  37°C was oxygenated and 

perfused in a p u l s a t i l e  fa s h io n ,  w h i le  accura te  measurements 

of pressure  and f low were made. P res s u re / f lo w  curves were 

constructed  using blood o f  haematocri t  ranging from less than 

20 to more than 70,  a t  mean perfusion pressures from v i r t u a l l y  

zero to more than .150 mm Hg. The e f f e c t  o f  f ib r in o g e n  was 

stud ied  by using blood o f  vary ing natura l  f ib r in o g e n  

c o n c e n t r a t io n ,  de f ib r inogenated  blood (by p r e - t re a tm e n t  w i th  

Ancrod) and blood whose f ib r inogen  concentra t ion  had been 

increased by the a d d i t io n  o f  p u r i f i e d  autologous canine  

f i b r i n o g e n .  P ro te in  f re e  suspensions o f  red blood corpusc les /  

Ringer Lac ta te  and red blood corpusc les /dext ran  were a lso  

s tu d ie d ,  as was the e f f e c t  o f  temperatures lower than 37^C. 

T h i r t y  separa te  limb perfus ion models were used to  study the  

p r e s s u r e / f lo w  c h a r a c t e r i s t i c s  o f  n ine ty  samples o f  blood,  

approx im ate ly  one l i t r e  o f  blood being required  f o r  each 

p er fus io n  experiment.

Dextran 40/10% s a l in e  was perfused in a s i m i l a r  fashion  

to blood in each experiment and used as a standard to compare

one experiment to  another .  Blood v is c o s i t y  was measured in

« ^1  1 v i t r o  a t  s ix  shear rates ranging from 5 .75  sec to  230 sec ,

using a Wells  B ro o k f ie ld  microviscometer.  Ha em atocr i t ,  t o t a l

plasma p r o t e in  concentra t ion  and plasma f ib r in o g e n  concentra t ion

were measured by standard labora to ry  methods.
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I t  was found th a t  in v i t r o  v is c o s i t y  was determined l a r g e ly  

by h a e m a to c r i t ,  the re la t io n s h ip  between log v i s c o s i t y  and 

h aem atocr i t  being v i r t u a l l y  l i n e a r .  Blood v is c o s i t y  increased 

a t  low ra tes  o f  shear,  the magnitude o f  the inc rea se ,  and the  

shear r a t e  below which i t  took place being r e la te d  to  

h a e m a to c r i t .  The slope o f  the h a e m a to c r i t / lo g  v is c o s i t y  

r e l a t i o n s h i p  was a func t ion  o f  shear ra te .

V ascu lar  re s is ta n c e ,  derived from the p re s s u re / f lo w  data  

in the is o la t e d  limb prepara t ion  was an index o f  ' i n  v ivo  

v i s c o s i t y ' .  At mean perfusion pressures g re a t e r  than 80 mm Hg 

i t  was determined mainly by haematocr i t .  The r e la t i o n s h i p  

between re s is tan ce  and haematocri t  was approximate ly  l i n e a r  in 

the range haematocr i t  30 -  70,  below which re s is ta n ce  was much 

less in f luenced  by haematocr i t .

V asc u la r  res is tance  in the limb per fus ion  model was not  

constant a t  a g i v e n  blood v is c o s i t y  but below a c e r t a i n  

pe r fu s io n  pressure increased w i th  decreasing per fus io n  pressure.  

The magnitude o f  the increase,  and the per fus ion  pressure  

below which the increase took place var ied  w i th  haem atocr i t .

Al though vascular  res is tance  in the is o la te d  limb 

p r e p a ra t io n  c o r r e la t e d  w e l l  w i th  in v i t r o  v i s c o s i t y ,  the  

magnitude o f  the change in vascular  res is tance  w i th  haematocr it  

or p e r fu s io n  pressure was considerably  less than t h a t  o f  the  

change in in v i t r o  blood v is c o s i t y .

N e i t h e r  f ib r in o g e n  nor t o t a l  plasma p r o te in  In the  

conce n tra t io n s  s tu d ied ,  had a s i g n i f i c a n t  e f f e c t  on e i t h e r  blood 

v i s c o s i t y  in v i t r o ,  or vascular res is tance  in the i s o la te d  l imb.
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Suspensions o f  red blood corpuscles in p ro te in  f r e e  

so lu t io n s  (dextran 40/normal s a l in e ,  Ringer Lac ta te )  had 

s i m i l a r  non Newtonian p ro p e r t ie s  to whole blood, w h i le  

Dextran perfused alone was almost Newtonian. (A Newtonian 

l i q u i d ,  f o r  example w a te r ,  is one whose v is c o s i t y  is independent 

o f  shear r a t e ) .

The e f f e c t  o f  coo l ing the perfused blood in the  

i s o la te d  limb p re para t ion  was to increase vascu lar  re s is ta n c e ,  

and probably to  increase b lood's  non Newtonian behaviour .

I t  is concluded th a t  a therapeut ic  reduction in in v ivo  

v is c o s i t y  would not be achieved by lowering plasma f ib r in o g e n  

c o n c e n t ra t io n ,  since  the large  in v i t r o  f ib r in o g e n  dependent  

increase in v is c o s i t y  a t  low shear rates does not seem to  occur,  

even a t  very low rates o f  f low ,  in the in t a c t  c i r c u l a t i o n .  

Vascular  re s is ta n ce  does increase considerably  a t  low f low rates  

in t h is  exper imental  model but th is  is r e la te d  to haematocr i t  

c o n c e n t ra t io n .  I t  may be th a t  p a t ien ts  w i th  a r t e r i a l  disease  

whose haematocr i t  is a t  o r  above the upper l i m i t  o f  normal 

w i l l  b e n e f i t  from venesection,  but i t  seems most u n l i k e l y  th a t  

minor changes in in v i t r o  v is c o s i t y  w i l l  achieve a s i g n i f i c a n t  

a l t e r a t i o n  in f low in the in t a c t  c i r c u l a t i o n .
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CHAPTER ONE

NTRODUCTION

O b s t ru c t iv e  a r t e r i a l  disease comprises a group o f  

c o n d i t ions  c hara c te r is ed  by lengthening,  hardening and narrowing  

o f  the  a r t e r i e s ,  r e s u l t in g  in l i m i t a t i o n  o f  blood f low .  In i t s  

most common form i t  represents an exaggerat ion o f  the normal 

ageing process in which the a r t e r i a l  w a l l  is p ro g re ss iv e ly  

th ickened and c a l c i f i e d  and the lumen acquires  a l i n i n g  o f  s o f t  

f a t t y  m a te r ia l  (atheroma) on which c l o t  forms r e a d i l y .  The 

c o n d i t io n  is becoming inc re a s in g ly  common in Western s o c ie t y ,  

the incidence in the middle aged and e l d e r l y  popula t ion  being 

in the o rder  o f  7 per cent ( E a s t c o t t ,  1974).  Any o f  the  

a r t e r i e s  o f  the body may be a f fe c te d  but in c l i n i c a l  p r a c t ic e  

the regions most a f fe c te d  are the cerebrovascular  system, the 

coronary a r t e r i e s  and the per iphera l  a r t e r i a l  c i r c u l a t i o n .  I t  is 

to t h is  l a s t  system th a t  th is  work is a p p l ie d ,  al though  

o bservat ions  on blood f low in one system are  l i k e l y  to be o f  

re le vanc e ,  a t  le a s t  in p a r t ,  to the o thers .

The most commonly a f fe c te d  per ip hera l  a r t e r i e s  are those 

supply ing the lower l imbs. The e f f i c i e n c y  o f  the a r t e r i a l  

c i r c u l a t i o n  is such th a t  apparent ly  severe narrowing o f  these  

a r t e r i e s  may produce minor or no symptoms, depending on the 

a v a i l a b i l i t y  o f  a l t e r n a t i v e  ( ' c o l l a t e r a l ' )  pathways and the 

demand f o r  blood by the t issu es .  When symptoms occur the most 

common complain t  is o f  cramping pain in the c a l f ,  o r  less  

f r e q u e n t ly  th ig h ,  muscles a f t e r  a c e r t a i n  d is tan ce  is walked.

The pain always disappears a f t e r  a short  re s t  and the diagnosis
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o f  ' i n t e r m i t t e n t  c la u d i c a t io n '  is e a s i l y  made by the 

c h a r a c t e r i s t i c  h i s t o r y .  I f  the disease progresses the 

d is tance  which the p a t i e n t  can w a lk ,  the c la u d ic a t io n  d is tan ce ,  

decreases u n t i l  e v e n tu a l ly  he is r e s t r i c t e d  to  only  a few yards.  

At t h is  po in t  a much more ser ious  development may occur ,  the 

onset o f  ischaemic res t  pa in .  This is a d e b i l i t a t i n g  and 

i n t o l e r a b l e  complaint which unless e f f e c t i v e l y  t re a ted  

n e ces s i ta te s  amputation o f  the l imb. F o r tu n a te ly ,  i n t e r m i t t e n t  

c la u d ic a t io n  very o f te n  does not progress: indeed f re q u e n t ly

I t  runs a benign course,  remaining s t a t i c  or  even improving 

over the years .  However, p a r t i c u l a r l y  in the e l d e r l y ,  ischaemic 

rest  pain or  gangrene may be the f i r s t  m an i fes ta t ions  o f  

pe r ip h era l  vascular  d isease,  the re  being l i t t l e  or no antecedent  

h is t o r y  o f  i n t e r m i t t e n t  c la u d ic a t io n .  Thus o b s t r u c t iv e  a r t e r i a l  

disease is extremely common but o f ten  causes few symptoms. In 

i t s  most severe form however, loss o f  l i f e  o r  limb is l i k e l y  and 

i t  is a major cause o f  severe d i s a b i l i t y  in the middle aged and 

e l d e r l y .

The f a c t  th a t  o b s t r u c t i v e  a r t e r i a l  disease tends to be 

patchy In d i s t r i b u t i o n  may make i t  possib le  s u r g i c a l l y  to rebore 

or bypass the diseased segment from r e l a t i v e l y  hea l th y  a r t e r y  

above to  r e l a t i v e l y  hea l th y  a r t e r y  below the o b s t ru c t io n .  

C l i n i c a l l y  th ree  main pa t te rn s  o f  disease are  recognised:aor to -  

i l i a c ,  fem oro -pop l i tea  1 and t i b i a l  vessel  disease ( d i s t a l  disease)  

Although pure examples o f  each type are  encountered i t  is common 

to have more than one region invo lved ,  and o f ten  a l l  three .

The techniques o f  re co n s t ru c t iv e  surgery f o r  o b s t r u c t iv e  a r t e r i a l
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disease have advanced r a p id ly  in the past two decades and 

vascu lar  surgery  is now an es tab l ished  surg ica l  ro u t in e .

However, o f  the many p a t i e n ts  present ing w i th  c la u d i c a t io n ,  

rest  p a in ,  o r  gangrene,  only  a m in o r i ty  are s u i t a b le  fo r  

surg ica l  re c o n s t ru c t io n .  The main reason f o r  th is  is th a t  

surgery becomes p ro g re s s iv e ly  less successful  the more d i s t a l  

and sm al le r  the vessels  which are involved.  When a r t e r i a l  

disease a f f e c t s  mainly the a o r t o - i l i a c  segment the re s u l ts  

of  re co n s t ru c t io n  are  e x c e l l e n t ,  and f o r  the femoro-poplI  tea l  

segment reasonably good, but f o r  disease more d i s t a l  to  t h is  

surgery is o f t e n  d is a p p o in t in g ,  (Watt ,  1974).

U n f o r tu n a te ly  i t  Is j u s t  th is  la s t  group o f  p a t i e n ts  w i th  

severe d i s t a l  (o r  m u l t i - l e v e l )  disease who, on account o f  res t  

pain or  gangrene,  a re  most a t  r isk  o f  amputation.  in a d d i t io n  

a f u r t h e r  s u b s ta n t ia l  group o f  p a t ie n ts  w i th  otherwise  operable  

a r t e r i a l  disease w i l l  prove u n f i t  f o r  surgery o f te n  because o f  

associated coronary or  cerebrovascular  i n s u f f i c ie n c y .  There is 

t h e re fo re  a major need f o r  a non-surgical  method o f  increasing  

the blood supply to the ischaemic l imb, p a r t i c u l a r l y  as i t  seems 

l i k e l y  t h a t  in terms o f  blood f low the d i f f e r e n c e  between 

v i a b i l i t y  and n o n - v i a b i l i t y  is s l i g h t .

When o b s t ru c t io n  o f  a main a r t e r y  occurs a r t e r i a l  pressure  

d is t a l  to the o b s t ru c t io n  f a l l s  and the d i r e c t i o n  o f  f low in 

c e r t a in  s ide  branches d i s t a l  to  the o b s tru c t io n  may reverse  

(F ig .  l ) .  The a r t e r i a l  t e r r i t o r y  d i s t a l  to  the block is now 

suppl ied from the network o f  In te rconnecting  vessels which form 

the c o l l a t e r a l  pathway. The adequacy o f  t h is  pathway in meeting
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the demands o f  the dependant t issues v a r ie s  w i th  the abundance 

and s i z e  o f  vessels a v a i l a b l e  and t h e i r  own involvement w i th  

atheroma. in the lower limb c o l l a t e r a l  pathways usua l ly  o f f e r  

a cons iderab ly  h igher  res is tan ce  to f low than the unobstructed  

a r t e r y .  The components o f  vas cu la r  res is ta nce  in a c o l l a t e r a l  

bed, o r  o th e r  vascular  system are  the c o n s t r i c t i n g  tone o f  the  

re s is ta n ce  vessels ,  mainly the a r t e r i o l e s ,  and the v is c o s i t y  o f  

blood. T h e o r e t i c a l l y ,  improvement in f low can be obtained by 

reducing e i t h e r  a r t e r i o l a r  tone or blood v is c o s i t y .

A r t e r i o l a r  c o n s t r ic t io n  can be d iminished,  and thus the  

s iz e  o f  the vessels increased,  by reducing c o n s t r ic t in g  

sympathetic  tone. This may be done e i t h e r  by surg ica l  or  

chemical d e s t ru c t io n  o f  the sympathetic  chain ,  or by alpha  

receptor  blockade w i th  drugs. Local ised  sympathectomy o f  the  

a f f e c t e d  limb has been claimed to p a l l i a t e  about 50% o f  p a t ie n ts  

w ith  e a r l y  res t  pa in ,  whether the sympathectomy is c a r r ie d  out  

by a formal opera t ion  (S trand ,  I 969 ) or  by percutaneous I n j e c t i o n  

o f  phenol in to  the lumbar sympathetic chain (Reid ,  1970).  Drugs 

which v a s o d i l a t e  by b locking sympathetic nerve transmission in 

var ious ways have enjoyed a vogue in t r e a t i n g  p er ip hera l  

vas cu la r  disease and have been w id e ly  employed, p a r t i c u l a r l y  in 

co n t in e n ta l  Europe, Whether these drugs are  given o r a l l y .  

In t ravenous ly  or i n t r a - a r t e r i a l l y  they r e s u l t  in genera l ised  

v a s o d i l a t a t i o n .  The inherent d e fe c t  in any form o f  sympathectomy 

p a r t i c u l a r l y  alpha blockade ,  is th a t  in a s ev ere ly  ischaemic limb 

the c o l l a t e r a l s  are e i t h e r  incapable  o f  d i l a t i n g  (on account o f  

a r t e r i a l  d isease) o r  are  a l re a d y  maximally d i l a t e d .  Any increase  

in t o t a l  l imb blood f low from v a s o d i l a t a t io n  may be achieved by
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inc re as ing  the f low to more heal thy areas ,  (De Bakey, 1947) ,  w h i le  

the ischaemic area is e i t h e r  not a f fe c te d  a t  a l l  o r  is adversely  

a f f e c t e d  by the shunting o f  blood to more he a l th y  areas capable o f  

v a s o d i l a t a t i o n .  The work o f  G i l l e s p ie  (1959) has demonstrated  

th a t  v a s o d i l a t a t io n  has l i t t l e ,  i f  any, p a r t  in the t rea tment  o f  

o b s t r u c t i v e  a r t e r i a l  disease.

I t  is s u r p r is in g  t h a t  drugs aimed a t  increas ing  blood supply 

to the ischaemic limb by v a s o d i la t a t io n  have been, and cont inue  to 

be so w id e ly  used given the weight o f  t h e o r e t i c a l  and c l i n i c a l  

evidence a g a in s t  them. The a l t e r n a t i v e  non s u rg ic a l  approach to  

increas ing  blood f low  to  the inoperable  ischaemic l imb, by 

m anipu la t ing  the f low p ro p e r t ies  o f  blood i t s e l f  has been 

com para t ive ly  l i t t l e  explored.

Increased blood v is c o s i t y  has long been recognised as the  

cause o f  symptoms in such r e l a t i v e l y  uncommon condi t ions  as 

polycythaemia v e ra ,  thrombocythaemia and macroglubulinaemia.  In 

these cond i t ions  blood v is c o s i t y  is very g r e a t l y  e le v a te d  and 

symptoms are re l i e v e d  upon r e s t o ra t io n  o f  blood v is c o s i t y  to  

normal.  I t  seems reasonable,  however, t h a t  lesser  e le v a t io n s  o f  

blood v is c o s i t y  -  i n s u f f i c i e n t  to be the so le  cause o f  symptoms -  

might assume c l i n i c a l  s ig n i f i c a n c e  when combined w i th  o therwise  

minor o b s t r u c t i v e  vas cu la r  disease.  I t  is a common observation  

among surgeons dea l ing  w i th  per iphera l  vascu lar  disease th a t  an 

undue number o f  p a t i e n t s ,  w h i le  not f r a n k ly  po lycy thaem lc , have 

haematocr i t  le v e ls  toward the upper l i m i t  o f  normal and th a t  these  

p a t ie n ts  tend to fa r e  badly .

In a group o f  p a t i e n ts  w i th  i n t e r m i t t e n t  c la u d ic a t io n  

Dormandy (1973a,b )  demonstrated a c o r r e l a t i o n  between whole blood
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v i s c o s i t y ,  plasma f ib r inoge n  concentra t ion  and s e v e r i t y  o f  

symptoms, and subsequently reported improvement w i th  treatment  

aimed a t  lowering e le vated  plasma f ib r in o g e n  concentra t ion  and 

hence v is c o s i t y  (Dormandy, 1974).  Other repor ts  have l inked  

the incidence o f  p o s t -o p e ra t iv e  deep vein thrombosis to raised  

p r e - o p e r a t iv e  blood v is c o s i t y  levels(Dormandy, 1973c) ,  and 

compl icat ions a f t e r  vascular  surgery to e le v a te d  haemoglobin 

c o n c e n t ra t io n ,  and th e re fo re  increased whole blood v is c o s i t y  

(M o r r is ,  1975).  In a d d i t io n  s u f f e r e r ' s  from Raynaud's syndrome 

have been shown to have g re a te r  than normal blood v is c o s i t y ,  

( P r i n g l e ,  1965; T i e t j e n ,  1975),  al though t h i s  has been d isputed.

As y e t  there  has been no convincing success in t r e a t i n g  

o b s t r u c t i v e  a r t e r i a l  disease by reducing blood v is c o s i t y  but 

there  is s u f f i c i e n t  in d i r e c t  evidence th a t  blood f low  proper t ies  

have been under-emphasised to make a study o f  the fa c to rs  

i n f lu e n c in g  blood v is c o s i t y  worthwhi le .
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CHAPTER TWO 

FLOW PROPERTIES OF BLOOD IN VITRO

In contra s t  to our meagre knowledge o f  blood f low  in

v ivo  there  is a s u b s ta n t ia l  volume o f  in v i t r o  work on the

experimental  and t h e o r e t i c a l  aspects o f  blood f low .  In the main,  

th is  has been c a r r i e d  out by p h y s io lo g is ts ,  mathematicians and 

engineers w i th  an i n t e r e s t  in b io logy  and f l u i d  mechanics and,  

w h i le  o f  undoubted academic i n t e r e s t ,  i t  is d i f f i c u l t  f o r  the 

c l i n i c i a n  to assess i t s  s ig n i f i c a n c e  in r e la t i o n  to human 

pathology.  However, as a s t a r t i n g  po int in any in v e s t ig a t io n  

in to  blood f low in v iv o ,  i t  is e s s e n t ia l  to be f a m i l i a r  w i th  the

main p ro p e r t ie s  o f  blood f low  in v i t r o .

P o i s e u i l l e  ( 1 7 99 -1 8 6 9 ) ,  a physic ian as w el l  as p h y s ic is t  

by t r a i n i n g ,  o r i g i n a l l y  intended his studies to be o f  the f low  

p ro p e r t ie s  o f  blood, but because o f  coagu la t ion  problems (there  

were no a v a i l a b l e  a n t ic o ag u la n ts )  turned to  the study o f  "pure"  

l i q u id s  f lowing in r i g i d  tubes,  and studied d i s t i l l e d  water and 

alcohol  f lowing through h o r i z o n ta l  c a p i l l a r y  glass tubes to  

devise his  w el l  known equat ion r e l a t i n g  pressure and f low  

( P o i s e u i l l e ,  1847) .  There was a lapse o f  several  years before  

P o i s e u i l l e  published his r e s u l t s  and in the meantime Hagen 

(Hagen, 1839) had independently der ived the same equat ion.  The 

formula is thus sometimes r e fe r r e d  to as the Hagen-Poiseui1 le  

e q u a t io n .
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Where Q equals volume f low  

P = pressure drop

d = ins ide  tube diameter

L = tube length

K = a constant  depending on f l u i d  v is c o s i t y

P o i s e u i l l e ' 5 law th a t  the head o f  pressure is d i r e c t l y

p ro por t iona l  to tube len g th ,  ra te  o f  f low and v is c o s i t y  and

in v e rs e ly  p ro p o r t io n a l  to the four th  power o f  the in te rn a l  radius  

also impl ies  t h a t  v i s c o s i t y  is a constant independent o f  f low  

ra te  or  a p p l ie d  fo rc e .

The v i s c o s i t y  o f  a l i q u id  represents i t s  in te rn a l  

res is tan ce  to  f l o w ( i n  Newton’ s expression " la c k  o f  s l i p p e r i n e s s " ) ,  

When a l i q u i d  f lows in a c y l i n d r i c a l  tube i t  does so in 

c o nce ntr ic  layers  the f low being f a s t e s t  in the centre  o f  the 

stream and decreasing p ro g ress ive ly  to zero a t  the edges o f  the  

tube,  i t  being assumed t h a t  there  is no f low ,  or  ' s l i p '  between

the outermost l a y e r  o f  f l u i d  and the tube w a l l .  As the layers  o f

f l u i d  s l i d e  over each o th e r  the molecular a t t r a c t i o n  between the  

l ayers  o f  f l u i d  r e s i s t s  f lo w ,  the magnitude o f  t h i s  force  

determining the v i s c o s i t y  o f  the l i q u i d .

Consider two very  t h in  p a r a l l e l  laminae o f  f l u i d  a d is tance  

dr a p a r t  (F ig  2 ) .  A fo rc e  is app l ied  to one lamina causing i t  to  

move over the o th e r  lamina in the d i r e c t io n  o f  the app l ied  fo rc e .



23

CNJ

o



2k

This fo rc e  is the shear s t r e s s ,  T. I f  in u n i t  t ime the 

displacement o f  one lamina r e l a t i v e  to  the o ther  is dx and 

i t s  r e l a t i v e  v e l o c i t y  is dv,  then the shear ra te  D, is 

~  The shear r a t e ,  D, is thus the change in v e l o c i t y  across 

successive laminae o f  f l u i d ,  th a t  is the v e l o c i t y  g ra d ien t .

The c o e f f i c i e n t  o f  v is c o s i t y  i s ,  by d e f i n i t i o n ,  the r a t i o  

between the shear s t ress  T and the shear ra te  D

Since shear ra te  ^
dv (cm/sec)

 ̂ dr  (cm)

the dimensions o f  shear ra te  ( a f t e r  c a n c e l l in g )  are sec  ̂ or

inverse seconds. Shear s t r e s s ,  T,  is a fo rc e  per u n i t  area

thus i t s  dimensions in the e . g . s .  system are dynes, cent im etre
T

The dimensions o f  v i s c o s i t y ,  u = D , are  dyne, seconds.

-2  -2cent im etres  . One dyne, seconds, cent im etre  is equal to one

Poise.  For blood rheology purposes the u n i t  normally  used is 

the C e n t ip o is e ,  0,01 Poise ,  since  the v is c o s i t y  o f  normal blood 

is in the order  o f  0 .04  Poise ,  and th a t  o f  plasma 0.015 Poise.

A l i q u i d  whose v is c o s i t y ,  a t  a given temperature ,  is independent 

of  shear ra te  or shear s t ress  is known as Newtonian since Newton, 

in P r i n c i p i a  (1686) considered the fo rc e  necessary to  move a 

s o l id  through a l i q u id  a t  a given v e l o c i t y  and assumed as a

■2

" A l l  dimensions expressed here are in the cent imetre .gram,  
second ( e . g . s . )  system.
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hypothesis t h a t  the one Was d i r e c t l y  proport iona l  to  the  

o th e r .  I f  t h i s  is so then v is c o s i t y  must be independent o f  

v e l o c i t y .  This was however merely a hypothesis u n t i l  the  

experiments o f  P o i s e u i l l e  confirmed i t s  v e r a c i t y  fo r  simple  

l i q u id s .  Blood o f  course is not a simple l i q u i d  but a suspension 

o f  complex p a r t i c l e s  and i t  is not su rp r is in g  th a t  i t  has 

decidedly  non Newtonian p r o p e r t ie s .  I t  is th e r e f o r e  necessary 

to consider  blood v is c o s i t y  in r e la t io n  to the condi t ions  under 

which i t  is measured, as wel l  as i t s  c o n s t i tu e n t  p a r ts .

R e la t io n s h ip  to tube s iz e

In 1906 Denning and Watson descr ibed,  to the Royal S o c ie ty ,  

studies  of  blood f low ing  through small tubes,  the p r o je c t  th a t  

P o i s e u i l l e  had been unable to  carry  out seventy years be fore .

Using a m o d i f ic a t io n  o f  the Ostwald v iscos im eter  they found th a t  

the v i s c o s i t y  o f  a n t i - c o a g u la te d  blood (from horses) was not . 

constant but v a r ie d  w i th  the diameter o f  the tube in which i t  was 

measured, as w e l l  as w i th  temperature and corpuscular  

c o n cen tra t io n .  The r e la t io n s h ip s  they showed between v is c o s i t y  

and temperatu re ,  and v is c o s i t y  and haematocr it  concentra t ion  have 

subsequently been shown to  be approximately c o r r e c t .  P a r a d o x ic a l ly ,  

the discovery  w i th  which they have been c r e d i t e d ,  t h a t  blood 

v is c o s i t y  may vary w i th  the s iz e  o f  the tube in which i t  f lo w s ,  

has been confirmed but the r e la t io n s h ip  is now known to be the  

opposi te  o f  th a t  which they showed. Denning and Watson found tha t  

blood v is c o s i t y  increased as tube diameter decreased from 2 mm to  

0 .3  mm whereas more recent  work has e s tab l ished  th a t  w i th  tubes 

g r e a t e r  than about 1 mm in d iameter ,  v i s c o s i t y  is independent
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o f  tube d iam eter ,  but w i th  decreasing s iz e  o f  c a p i l l a r y  tube 

v i s c o s i t y  decreases (Fahraeus, 1931).  The e xp la na t ion  o f  th is  

behaviour  may l i e  in the fa c t  th a t  as blood f lows in a tube 

th e re  is a tendency f o r  the red c e l l s  to g r a v i t a t e  to  the centre  

o f  the  tube so th a t  the outer  layers  are r e l a t i v e l y  c e l l  f r e e .

This  introduces several  complex i t ies  into  blood f low  including  

the p r o b a b i l i t y  th a t  in a non uniform v e l o c i t y  g r a d i e n t ,  as in a 

tube ,  the red c e l l s  w i l l  have a component o f  v e l o c i t y  d i re c te d  

towards the ax is  (Saffman, 1956).  Fahraeus and L indqv ls t  

considered t h a t  the decreasing v is c o s i t y  o f  blood in very small  

tubes might be a t t r i b u t a b l e  to the increasing r e l a t i v e  importance  

of  the c e l l  f r e e  zone as tube diameter decreases.  They showed tha t  

when blood f lowed from a re s e rv o i r  through a small bore tube,  the 

h aem atocr i t  o f  the emerging blood was lower than t h a t  o f  the 

r e s e r v o i r .  Since they were the f i r s t  to  re p o r t  t h i s  in d e t a i l  

the phenomenon o f  decreased blood v is c o s i t y  in small tubes has 

become known as the Fahraeus-L indqvist  e f f e c t .

There has been considerable  debate over t h i s  c e l l  f r e e  

or "p la sm a t ic  zone" and to  what e x ten t  i t  e x i s t s .  C e r t a i n ly  the 

layers  immediately ad jacent to  the tube w a l l  cannot have e x a c t ly  

the same concentra t ion  o f  red c e l l s  as the more c e n t ra l  layers  

s ince the in d iv id u a l  red blood c e l l ,  has a bulk  o f  i t s  own and 

no c e l l  can have i t s  centre  immediately ad jacen t  to the w a l l .

(F ig .  3 ) .  Some o f  the controversy has a r is e n  because high speed 

photographs o f  blood f low in the m i c r o - c i r c u l a t i o n  can be h igh ly  

misleading on account o f  l i g h t i n g  a r t e f a c t s  and i t  has been shown
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(W iederhie lm, 1967) t h a t  vary ing  the angle o f  i l l u m in a t io n  can 

make the same vessel  appear to have d i f f e r e n t  widths o f  c e l l  

f r e e  l a y e r .  In an a ttempt to overcome th is  d i f f i c u l t y  

experiments have been performed in which blood f lowing in small  

vessels has been very r a p id ly  frozen in an attempt  to  mainta in  

the c e l l  d i s t r i b u t i o n  f o r  examination but again there  is 

u n c e r ta in ty  about the e x te n t  o f  a r t e f a c t .  Bayl iss  (1 9 6 3 ) ,  in a 

review o f  t h is  d i f f i c u l t  s u b je c t ,  considers th a t  the c e l l  f r e e  

zone is in the order  o f  1-4^ which,  according to  Way land (1967 ) is 

roughly t h a t  required  by simple volume exc lusion a lone.

Another observat ion  which may be o f  relevance to the work 

of  t h i s  th e s is  is th a t  p u l s a t i l e  f low seems to  accentuate  the  

a x ia l  c o n ce ntra t ion  o f  suspensions and thus per fus ion  experiments  

may have to  take t h is  f a c t o r  in to  account .(Goldsmith  1965)-

Whatever the mechanism o f  the reduction in v is c o s i t y  as tube  

radius f a l l s  to w i t h i n  about 100 times the radius o f  the red c e l l ,  

the e f f e c t  is real  enough. S u r p r is in g ly  there  have been few 

studies which have a c t u a l l y  recorded the reduct ion in v is c o s i t y  

obta ined and the s c a t t e r  o f  re s u l ts  is f a i r l y  wide.  From the  

review a r t i c l e  by Bay 1 i ss(l963) i t  seems th a t  in a tube o f  radius  

20 p. the asymptot ic  apparent  v is c o s i t y  o f  blood is about two t h i r d s  

o f  the value  obta ined in large  tubes.  However, D Intenfass (1971)  

using s p e c i a l l y  developed p a r a l l e l  p la t e  s i l t  v iscometers,which  

he considers permît  de te rm ina t ions  o f  blood v i s c o s i t y  under 

condi t ions  s im u la t in g  the  m i c r o - c a p i l l a r y  bed,descr ibes  an 

invers ion phenomenon, t h a t  is the ex is tence  o f  a c r i t i c a l  radius  

below which there  is a sudden and dramatic increase in re s is tan ce  

to f low .  This seems to  depend on the in te rn a l  v is c o s i t y  o f  the
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red blood c e l l s  and aggregrates o f  these c e l l s ,  and is very

s e n s i t i v e  to blood pH le v e ls .

R e la t io n s h ip  to  Haematocrit

When blood is f low ing  a t  high (over 200 sec ^) shear ra te

the main determinant  o f  blood v is c o s i t y  in v i t r o  is haem atocr i t .

V is c o s i t y  increases w i th  increasing haem atocr i t ,  the t r a d i t i o n a l

view being t h a t  the increase becomes p rogress iv e ly  steep w i th

haematocr i ts  above 50 or  so. Several workers however,

demonstrated an approximate ly  l i n e a r  r e la t i o n s h i p  between

haematocr i t  and the logar ithm o f  v is c o s i t y  and th e re  is now

general  agreement t h a t  a r e la t io n s h ip  such as t h a t  shown in

f i g u r e  4 a p p l ie s  (Haynes, I960; P e r ic ,  1963; Gregersen, 1965;

Chien,  1966 ;M e r r i 11, 1969; Dormandy, 1970).

R e la t io n s h ip  to  Shear Rate

When blood s t a r t s  to  f low i t s  v is c o s i t y  is i n i t i a l l y  very

high but decreases very ra p id ly  as shear r a te  increases (F ig .  5 ) .
-1

At shear ra tes  g r e a t e r  than about 200 sec blood v i s c o s i t y

reaches a constant minimum, or  asymptotic va lu e .  Thus blood can

be regarded as more o r  less Newtonian a t  rapid (but not so rapid

as to cause tu rbu lence)  f low rates in large  bore (over 1 mm)

-1tubes. As shear r a te  is reduced to about 50 sec the increase

in v is c o s i t y  (compared w i th  the asymptotic va lue)  is f a i r l y

modest, perhaps in the region o f  20-50% but a t  very low ra tes  o f
-1

shear ,  less  than 10 sec , the increase becomes much g r e a t e r .

For blood o f  haematocr i t  4 0 , M e r r i 11(1969) has shown a 40 fo ld
-1 -1

increase  in v i s c o s i t y  as shear ra te  f a l l s  from 1 sec to  0.01 sec
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This  anomalous behaviour  increases w i th  increasing  

ha em ato c r i t ,  blood o f  haematocri t  less than 15-20 e x h i b i t i n g  

l i t t l e  v a r i a t i o n  in v is c o s i t y  w i th  changing shear r a t e .  The 

v a r i a t i o n  o f  v is c o s i t y  w i th  ra te  o f  f lo w ,o r  "shear dependence",  

is a ls o  r e la t e d  to the composit ion o f  plasma, in p a r t i c u l a r  

plasma f ib r in o g e n  c o n ce n tra t io n .  I t  is reported th a t  

d e f i b r i n a t e d  blood o f  haematocr i t  less than 30,  or  suspensions 

of  red blood c e l l s  In R inger 's  Solution  are  v i r t u a l l y  Newtonian 

( M e r r i l l , 1969) ,  which impl ies  th a t  plasma f ib r in o g e n  is a most 

important f a c t o r  in t h e æ t î o l o g y  o f  the anomalous f low p ro p e r t ie s  

o f  blood.

Y ie ld  Stress

When shear s t ress  is p lo t te d  against shear r a te  (F ig .  6)

and measurements are  made a t  very low rates o f  shear ,  as is

possib le  w i th  s p e c i a l l y  designed r o ta t in g  v iscometers ,  i t  is

seen t h a t  the graph in te r c e p ts  the shear s t ress  ax is  a t  a

f i n i t e  p o in t .  A fo r c e ,  or  ' y i e l d  s t re s s '  is required to  i n i t i a t e
2

f low. For blood th is  fo rc e  Is sm al l ,  less than 0.1 dynes/cm , 

but is said to be dependent on the presence o f  f i b r i n o g e n ,  a 

minimum c o n centra t ion  o f  200 mg% being necessary f o r  the  

ex is te nce  o f  a y i e l d  s t re s s  (Merr Î 1 1 , 1963a ) . Wells ( 1 9 7 1 ) ,  

however, demonstrated red c e l l  aggregat ion and a y i e l d  s t ress  in 

the absence o f  f ib r in o g e n .

The estab l ishm ent  o f  a mathematical  formula r e l a t i n g  shear  

stress  and shear r a t e  (b roadly  analogous to  pressure and f low  

in v ivo)  has a t t r a c t e d  the  e f f o r t s  o f  rh eo lo g is ts  fo r  the past  

few decades. There has been much e s o t e r ic  debate as to  which 

of the e s ta b l is h e d  rh eo lo g ica l  formulae (devised f o r  the f low  o f
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p a i n t s ,  Inks,  d a i ry  products e tc )  achieves the best ' f i t '  

fo r  blood. I t  would seem th a t  a power low r e la t i o n s h i p  is 

i n a p p l i c a b le  since when log shear s t ress  is p lo t t e d  against  

log shear ra te  a l i n e a r  r e la t io n s h ip  is not achieved (Whitmore,  

1968) .  However, the Casson equat ion ,  (Casson, 1959),  o r i g i n a l l y  

proposed to  describe  the f low p ro p e r t ie s  o f  c e r t a i n  p r in t i n g  inks,  

seems to  apply reasonably wel l  to blood.

I f  Kc is a measure o f  the consistency o f  the m a te r ia l

K c  =

where *T e shear s t ress

- /r  - Ta
A

r y i e l d  s tress

p tr shear ra te

Charm e t  al  (1965) demonstrated a reasonable f i t  o f  the equation  

to blood bank samples, over a very wide range o f  shear ra te .

Fibr inogen

Although the Casson equation is best regarded as empir ica l  

i t  is o f  i n t e r e s t  t h a t  i t  was devised to descr ibe  a f l u i d  which 

e x h i b i t s  r e v e r s ib le  aggregat ion a t  low shear r a t e s ,  the 

suspended p a r t i c l e s  forming rod l i k e  aggregates o f  increasing  

length as shear ra te  f a l l s .

I t  is tempting to  r e la t e  t h is  to  the formation o f  rouleaux  

by the red c e l l  corpuscles o f  the blood, and thereby provide a 

physical  basis f o r  the ' f i t '  o f  the Casson e quat ion .  C e r ta in ly  i t  

seems l i k e l y  th a t  red c e l l  aggregation is a f a c t o r  a f f e c t i n g  blood's  

anomalous viscous p r o p e r t i e s ,  the y i e l d  s t ress  being the force  

required  to separate  the c e l l s  s u f f i c i e n t l y  to s t a r t  blood moving
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and the decrease in v i s c o s i t y  as f low increases being  

a t t r i b u t a b l e  to the progress ive  d ispers ion  o f  c e l l s ,  u n t i l  

when these c e l l s  are f u l l y  dispersed blood v is c o s i t y  reaches 

i t s  asymptot ic  value  and is independent o f  shear ra te .

Fibr inogen is known to  have a profound in f luence  on red 

c e l l  aggregation  ( e .g .  in most blood samples the e r y t h ro c y te  

sedimenta t ion r a te  (ESR) and f ib r inoge n  content are  d i r e c t l y  

r e l a t e d ) ;  the h igher  the f ib r in o g e n  leve l  the g re a te r  the degree  

o f  aggrega t ion .  Thus i t  seems reasonable t h a t  f ib r in o g e n  

should g r e a t l y  in f lu e n c e  the low f low pro p e r t ies  o f  blood.

M e r r i l l  has shown th a t  y i e l d  s t ress  in blood is r e la te d  to the  

square o f  the f ib r in o g e n  concentra t ion  and the t h i r d  power o f  

haematocr i t  ( M e r r i 11,1963; 1969).

A f u r t h e r  p roperty  o f  f ib r in o g en  may be important however.

The f l e x i b i l i t y  o f  the red c e l l  membrane, and th e r e fo r e  the  

a b i l i t y  o f  the red c e l l  to  deform appears to decrease w i th  

increasing f ib r in o g e n  concentra t ion  ( S i r s ,  1968).  Since  

c a p i l l a r i e s  are  in the order  o f  s iz e  o f  the red c e l l  i t s e l f   ̂

considerab le  deformation o f  the red c e l l  occurs during f low  

through c a p i l l a r i e s .  Thus f ib r in o g e n  might be expected to have 

two separa te  and opposing in f luences  on blood f low ;  an adverse 

e f f e c t  a t  very  low f lo w  r a t e  on account o f  y i e l d  s t ress  and red 

c e l l  agg reg a t io n ,  and a favourab le  e f f e c t  on the a b i l i t y  o f  the  

red c e l l  to  deform to  pass through the m i c r o - c i r c u l a t i o n .  At  

higher  red c e l l  c oncentra t ions  on physical  grounds i t  is more 

l i k e l y  t h a t  shear dependent e ry th ro c y te  deformation is the major  

f a c t o r  in the decreasing v i s c o s i t y  o f  blood a t  higher  shear r a t e s ,  

whereas shear dependent e ry th ro c y te  aggregation assumes a g r e a t e r
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ro le  a t  normal and low haematocri ts .

P l a t e l e t s

W ith in  phys io log ica l  l i m i t s  p l a t e l e t s  do not appear  

to have an a pprec ia b le  e f f e c t  on blood v is c o s i t y  (F res her ,

1968) .  Thrombocythaemia, however, can c e r t a i n l y  give r i s e  to  

o c c lu s ive  vascu lar  disease but th is  may be a fu n c t io n  o f  blood

h y p e r c o a g u la b i l i t y  as d i s t i n c t  from v is c o s i t y .

Plasma Prote ins  (o ther  than f ib r in o g e n )

W ith in  the normal physio logica l  range plasma pro te ins  

o th e r  than f ib r in o g e n  do not seem to in f lu e n c e  g r e a t l y  blood 

f low p r o p e r t i e s ,  al though g lobul ins  in p a r t i c u l a r  r a is e  the  

v is c o s i t y  o f  plasma and thus o f  whole blood. Chien e t  al (1971)  

stud ied  the r e l a t i v e  e f f e c t s  o f  f ib r inoge n  and g lo b u l in  by 

adding p u r i f i e d  autologous f ib r inogen  to  serum and Ringer  

suspensions o f  kS% e ry th ro cy te s .  They confirmed t h a t  f ib r in o g e n  

causes an increase  in v is c o s i t y  and shear dependence and

deduced (by s u b t ra c t io n )  th a t  serum g lobu l ins  have a f i b r i n o g e n ­

l i k e  a c t io n .  The r e l a t i v e  e f fe c t iv e n e s s  o f  plasma pro te in s  in 

i n t e r a c t i n g  w i th  e ry th ro cy tes  is in the order f ib r i n o g e n ,  

g lo b u l in s  and albumin and is s t rong ly  dependent on the  

molecular  weights  o f  the p ro te in s .

Abnormal p ro te in s  such as occur in the unusual disorders  

macroglobulinaemia  and c ry o g lo b u l înaemia may cause severe  

c i r c u l a t o r y  d is tu rb a n ce ,  inc luding d i g i t a l  gangrene, because o f  

the adverse e f f e c t  on blood f low in small vesse ls .

Hyper l ipaemia  and L ipoprote ins

There have been reports  th a t  h y p e r t r ig ly c e r id a e m la  and
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h y p e r b e t a l I poproteînaemia increase the non Newtonian p ro p e r t ies  

of  blood,  by enhancing y i e l d  s t r e s s ( M e r r i 1 1 ,1 9 6 4 ) ,  and th a t  

l ipaemia  increases blood v is c o s i t y  (B ro n te -S tew a r t ,  1965; Swank, 

1953).  La te r  work by M e r r i l l  however did not confi rm these  

f i n d i n g s ( M e r r i 1 1 ,1 9 6 9 ) .

I t  seems u n l i k e l y  th a t  the adverse e f f e c t s  o f  

hy p er l ip ida em ia  on the course o f  vascu lar  disease is o f  

rh eo lo g ic a l  o r i g i n .  Ba l lan tyne  s tudied  a group o f  c la u d ic a t in g  

hy p er l ip id aem ic  p a t ie n ts  whose ch o le s te ro l  and t r i g l y c e r i d e s  

were reduced by d i e t a r y  means, but w i thout  s i g n i f i c a n t  e f f e c t  

on t h e i r  impaired c i r c u l a t i o n  ( B a l l a n t ine ,  1976).

Blood Sugar

Blood sugar l e v e ls  do not seem to  have a d e te c tab le  e f f e c t  

on blood v i s c o s i t y ,  and i t  is u n l i k e l y  t h a t  the p re d isp o s i t io n  

of  the d i a b e t ic  to vascu lar  disease is r e la te d  to  a 

rheo log ica l  e f f e c t  o f  hyperglycaemia ( C a s t l e ,  1964).  However, 

Skovborg (1966) claimed th a t  d i a b e t i c  subjects  had whole 

blood v is c o s i t y  lev e ls  20% higher  than a c o n t r o l l e d  populat ion .  

Temperature

The v is c o s i t y  o f  blood r ise s  as temperature  f a l l s .  In a 

simple suspension one would expect t h a t  the abso lu te  v is c o s i t y  

would vary w i th  temperature  in the same way as the suspending 

f l u i d  so th a t  one would be ab le  to ' c o r r e c t '  from one temperature  

to another  by re ference  to the e s t a b l is h e d  values f o r  the  

v is c o s i t y  o f  the suspending f l u i d  a t  d i f f e r e n t  temperatures.  

However, In the case o f  blood t h i s  would assume t h a t  the v is c o s i t y  

o f  blood r e l a t i v e  to  plasma ( the  r e l a t i v e  v is c o s i t y )  remains 

constant and th a t  such anomalous p r o p e r t i e s  as y i e l d  s t ress  a lso
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remain constant .  There are  c o n f l i c t i n g  reports  on th is  s u b je c t .  

Rand (1964) found t h a t  the r e l a t i v e  v is c o s i t y  f e l l  s u b s t a n t i a l l y  

from 37°C to 22°C w h i le  Azuma (1964) reported a 10% increase in 

r e l a t i v e  v i s c o s i t y  from 37°C to 17°C. According to  M e r r i 1 1 ( 1969) 

y i e l d  s t ress  is not g r e a t l y  a l t e r e d .  I t  has been suggested th a t  

changes in r e l a t i v e  v is c o s i t y  w i th  temperature are  due to  

a l t e r a t i o n s  in the shape o f  the red c e l l s  and Azuma (1964)  

a t t r i b u t e d  t h is  to  the c e l l s  becoming more spher ica l  and less  

disc l i k e .  The p o s s i b i l i t y  th a t  temperature a f f e c t s  blood f low  

p ro p e r t ie s  in a non l i n e a r ,  or  u n pre d ic tab le ,  fashion may account  

fo r  some o f  the d iscrepancies  in previous reports  on blood 

v i s c o s i t y ,  since  much o f  the e a r l i e r  work was done a t  20^C,

'room temperature '  or  a t  unstated temperature.

The type o f  viscometer used may be re le van t  to the  

discrepancies  noted.  In 1973 Barbee reported studies  o f  the  

e f f e c t  o f  temperature ,  23°C and 37°C r e s p e c t iv e ly ,  on the r e l a t i v e  

v i s c o s i t y  o f  human blood in a c a p i l l a r y  v iscometer ,  a GDM 

c o n cen tr ic  c y l in d e r  viscometer and in a Wei 1s -B r o o k f i e ld  cone 

and p l a t e  v iscometer .  He found th a t  the r e l a t i v e  v is c o s i t y  was 

independent o f  temperature  a t  high shear ra te  in a l l  o f  the  

ins truments ,  but depended on the temperature a t  low shear ra tes  

only  in the c a p i l l a r y  v iscometer ,  a possib le  e xp lana t ion  being 

the d i f f e r e n t  type o f  shear f i e l d  in each instrument .

Ant ! coagulants

Blood c l o t t i n g  commences as soon as blood is withdrawn  

from the body. Blood rheology is profoundly a l t e r e d  by these  

changes and although attempts  have been made to  study t h i s ,  the  

rheology o f  c l o t t i n g  is a separate and even more d i f f i c u l t  area
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of study than th a t  o f  l i q u id  blood.

Very few studies  have been made o f  non a n t i -c o a g u la te d  

blood, al though DIntenfass has studied f r e s h ly  shed not 

a n t i - c o a g u la t e d  blood in a cone- in-cone v iscometer  (D In ten fass ,  

1962; and 1966).  He has subsequently compared these re s u l ts  to 

those obta ined  from a rhombospheroid v iscometer  w i th  blood 

a n t i - c o a g u la t e d  w i th  EDTA (D In ten fas s ,  1974) and w i th  data from 

o ther  workers (Copley 1973a; Copley,  1973b;Merri l  1 ,1963a )  and 

shown them to be very s i m i l a r ,  except a t  very  low shear rates  

( le s s  than 0 .4  sec ^) .  E a r l i e r  however, Copley ( i 9 6 0 )  had 

reported s tud ies  o f  rabb i ts  hear t  blood a n t i -c o a g u la te d  w i th  

h e p a r in ,  c i t r a t e ,  o x a la te  or EDTA showing increas ing  v is c o s i t y  

w i th  these an t ico agu lan ts  in the above o rd e r .  A type o f  

c a p i l l a r y  viscometer was used. Mayer and Kiss (1965) compared 

he p a r in ,  EDTA and potassium o x a la t e ,  a lso  in a c a p i l l a r y  

v isc om eter ,  and concluded th a t  only  the l a s t  a f f e c t e d  blood 

v i s c o s i t y ,  by decreasing i t .  They c o n t r o l l e d  c a r e f u l l y  the  

temperature  o f  t h e i r  samples and pointed out th a t  since blood 

v i s c o s i t y  increases by 2-3% fo r  each degree o f  coo l ing  in t h is  

temperature  range some o f  the c o n f l i c t i n g  e a r l i e r  data may have 

a r is e n  from temperature d i f fe re n c e s  in the  samples -  which may 

vary c ons iderab ly  when blood is withdrawn from the donor in to  a 

sy r in g e .  Also in Copley’ s studies the a n t ic o ag u la n ts  were 

d isso lved  In water  and added to blood in the r a t i o  o f  one par t  

a n t ic o a g u la n t  s o lu t io n  to four  parts  o f  b lood,  which may have 

rendered t h e i r  re s u l ts  u n r e l i a b l e .
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Coke le t ,  I 9 6 3 , used n a t iv e  blood immediately a f t e r  wi thdrawal  

from donor and compared i t  w i th  blood a n t i  coagulated w i th  hepar in ,  

sodium c i t r a t e ,  ACD, EDTA (e th y le n e d ia m in o te t ra a c e ta te  sodium s a l t )  

and sodium o x a la te  and concluded th a t  in reasonable amounts there  

was no s i g n i f i c a n t  e f f e c t .

The e f f e c t  o f  heparin was studied by Frasher (1968) using 

d i r e c t  ou t f lo w  o f  blood from an a r te r io -v e n o u s  shunt in a dog 

to a s p e c i a l l y  designed c a p i l l a r y  viscometer .  Heparin did not  

appear to a f f e c t  v i s c o s i t y .  i t  is now g e n e r a l ly  accepted t h a t  the  

commonly used an t ico agu lan ts  do not s i g n i f i c a n t l y  in f luence  blood 

v is c o s i t y  in the concentrat ions normally used.
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FLOW PROPERTIES OF BLOOD IN VITRO

SUMMARY

Blood f low in v i t r o  e x h i b i t s  complex p ro p e r t ie s  which 

vary w i th  the c ond i t ions  o f  measurement. At rapid rates o f  

f low (shear  ra te  g r e a t e r  than 200 sec ^) ,  but not so f a s t  t h a t  

f low is t u r b u l e n t ,  i t  can be regarded as Newtonian; th a t  i s ,  

shear s t ress  is p ro p o r t io n a l  to shear ra te  and v is c o s i t y  

is constant .

As shear ra te  is reduced blood v is c o s i t y  increases ,  t h i s  

e f f e c t  increas ing w i th  increasing haematocr i t .  At very low rates  

o f  shear ( less  than 1 sec ^) the increase is very la rg e .  A y i e l d  

stress is p re s e n t ,  t h a t  is a f i n i t e  force is required  before  

blood w i l l  f low a t  a l l .  The presence o f  th is  y i e l d  s t ress  

depends on f ib r in o g e n  and is r e la te d  to red c e l l  aggregat ion .

When blood f lows through small tubes i t s  v is c o s i t y  f a l l s .

This e f f e c t  becomes ev ide n t  w i th  tube diameter less than 1 mm 

and reaches i t s  maximum as tube diameter approaches th a t  o f  the  

red c e l l ,  a t  which p o in t  blood v is c o s i t y  probably approaches 

th a t  o f  plasma.

Under constant cond i t ions  o f  f low haematocr it  is the  

la rg e s t  dete rmin ing f a c t o r  o f  v i s c o s i t y ,  there  being a p ro g re ss iv e ly  

steep increase in v i s c o s i t y  as haematocri t  increases.  E m p i r i c a l l y ,  

haematocr i t  is r e la t e d  in a l i n e a r  fashion to  the logar i thm  o f  

v i s c o s i t y .  Of the normal plasma pro te ins  f ib r in o g e n  has the  

l a rg e s t  e f f e c t ,  p a r t i c u l a r l y  a t  very low rates  o f  shear.  The 

white  c e l l s  and p l a t e l e t s  in normal concentrat ions do not seem to
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have a s i g n i f i c a n t  e f f e c t  on blood v is c o s i t y  nor do blood 

glucose or  l i p i d  l e v e ls .  The commonly used an t ico ag u lan ts  in 

normal dosage do not s i g n i f i c a n t l y  e f f e c t  blood v is c o s i t y .



43

CHAPTER THREE 

FLOW PROPERTIES OF BLOOD IN VIVO

Shear rates in the c i r c u l a t i o n

To what e x tent  b lood 's  anomalous f low  p ro p e r t ie s  can be

expected to in f luence  blood f low in the i n t a c t  c i r c u l a t i o n

depends upon what order  o f  shear ra te  p e r ta in s  in v ivo .

As might be expected in view o f  the complex nature  o f

p u l s a t i l e  blood f low the exact shear ra tes  e x i s t i n g  in d i f f e r e n t

par ts  o f  the c i r c u l a t i o n  are  not known a c c u r a t e ly ,  and estimates

very w id e ly .  According to  Replogle (19&7) who is e n th u s ia s t ic

about the c l i n i c a l  im p l ica t io n s  o f  blood rheology,  the shear
-1

ra te  in the human a o r ta  is in the order  o f  100 sec and is 
-1

about 10 sec in the a r t e r i o l a r  bed. He a ls o  impl ies  th a t  

shear rates in the m i c r o - c i r c u l a t io n  approach zero and quotes 

the increase  in v is c o s i t y  ( in  v i t r o )  which occurs between one 

sec  ̂ and 0.01 sec  ̂ (a f a c t o r  o f  x40) as occurr ing  a t  shear  

ra tes  approximate ly  those o f  the m i c r o - c i r c u l a t i o n .  However, he 

does not s t a t e  how the shear rates he assumes are  c a lc u la te d  but 

i l l u s t r a t e s  them in a diagram a t t r i b u t e d  to M e r r i l l .  Curiously  

enough M e r r i 11(1969) concedes th a t  in general  the f low v e lo c i t y  

is s u f f i c i e n t l y  high th a t  mean shear s t re ss  in the vessels  

corresponds to the Newtonian p ar t  o f  the t o t a l  shear stress  -  

shear s t r a i n  ra te  fu n c t io n .  However he argues t h a t  polymer 

s o lu t io n s  which are  Newtonian by v iscometry  may i n t e r a c t  s t rong ly  

where -  as in the c i r c u l a t i o n  -  the re  are  rap id  ra tes  o f  change 

o f  shear s t ress  around an area o f  tu rbulence  a t  a b i f u r c a t i o n  or
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o b s t ru c t io n ,  thereby d is s ip a t in g  energy and reducing the  

d r iv in g  fo rc e .  He a ls o  considers th a t  red c e l l  i n te r a c t io n  

( r e la t e d  to f ib r in o g e n  concentra t ion )  in the p r e - c a p i l l a r y  

region as red c e l l s  converge to  e n te r  the c a p i l l a r y  may have 

considerable  s ig n i f i c a n c e .  F i n a l l y ,  a l lu d in g  to  the s t o p / s t a r t  

nature o f  f low in the m i c r o - c i r c u l a t io n  (F u l to n ,  1957)Replogle 

considers t h a t  the re levance o f  blood rheology to phys io log ica l  

f l u i d  mechanics is to make stopping o f  f lows e a s i e r ,  s t a r t i n g  

o f  flows more d i f f i c u l t  and slow flows more energy consuming 

than would be expected i f  blood were a simple c e l l  less micro-  

molecular f l u i d  o f  equal v i s c o s i t y .  These e f f e c t s  are  

inc re a s in g ly  emphasised w i th  increase o f  haematocr it  and 

f ib r in o g e n  concentra t ion .

Whitmore (1968) quotes the values o f  shear ra te  shown below 

-  based on c a lc u la t io n s  o f  f low ra te  and s iz e  o f  d i f f e r e n t  

vessels from several  au thors ,  assuming p a rab o l ic  v e l o c i t y  p r o f i l e  

Rates o f  Shear in the C i r c u la t io n

At the  wa11 (sec ^) Mean (sec ^)

Ascending Aorta 190 130

Descending Aorta 120 80

Large A r t e r i e s  700 470

C a p i l l a r i e s  800 530

Large Veins 200 130

Vena Cava 60 40
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McDonald (1974) quotes f ig u re s  o f  shear ra te  a t  the wal l  o f

“ 1 rt “  180 sec f o r  the ascending a o r t a ,  28 sec fo r  the i n f e r i o r  

vena cava,  400 sec f o r  an a r t e r i o l e  and 400 sec fo r  a 

c a p i l l a r y .  Burton (19&5) considers th a t  i t  is j u s t i f i e d  to use 

as an approximation an almost constant v is c o s i t y  c o e f f i c i e n t  

in the ph y s io lo g ic a l  range o f  blood f low.

f t  is e v id e n t  th a t  there  are no r e l i a b l e  hard data on the  

shear ra tes  p e r t a in in g  in the in ta c t  c i r c u l a t i o n .  In any event  

shear ra te  must be co n s ta n t ly  changing throughout the card iac  

c yc le ,  and a f u r t h e r  compl icat ion is the presence o f  a large  

reverse f low component in the la rg e r  more p e r ip h era l  a r t e r i e s .

The high rates o f  f low  in large  a r t e r i e s  -  down to  a r t e r i o l a r  

level  -  would make i t  l i k e l y  th a t  shear rates must be high 

enough f o r  the blood to  be regarded as Newtonian throughout most 

o f  the card iac  c yc le .  As f a r  as the m ic r o c i r c u la t io n  is 

concerned opinions regarding shear ra te  are v a r i e d ,  but i t  is 

probably f u t i l e  to  regard blood rheology in bulk  f low  terms as 

the r a t i o  o f  vessel  s i z e  to  red c e l l  approaches u n i t y .  What is 

undeniable however is t h a t  blood f low comes to a h a l t  

i n t e r m i t t e n t l y  in the micro c i r c u l a t i o n ,  and th a t  from t ime to  

t ime blood f low  in the l a r g e r  veins is s t a t i c ,  o r  ne ar ly  so.

Thus even in the normal c i r c u l a t i o n  condi t ions  o f  very low or  

zero shear ra te  must apply f o r  some o f  the t ime.  Presumably,  then,  

in the c r i t i c a l l y  ischaemic limb rheological  fa c to r s  must p lay  

more o f  a p a r t ,  and i t  is easy to  imagine a cyc le  o f  reduced 

f low due to a r t e r i a l  o b s t ru c t io n  leading to  increased blood 

v is c o s i t y  and a f u r t h e r  reduction in f low and so on.
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In p a r t i c u l a r ,  from the a v a i l a b l e  in v i t r o  d a ta ,  the  

combination o f  ra ised haematocri t  or ra ised f ib r in o g e n  level  

and reduced f low due to o b s t ru c t iv e  a r t e r i a l  d isease must be 

p a r t i c u l a r l y  disadvantageous. Thus Dormandy's concept o f  

' rh e o lo g ic a l  c la u d ic a t io n '  (Dormandy 1973a) -  where r e l a t i v e l y  

minor a r t e r i a l  disease assumes c l i n i c a l  s ig n i f i c a n c e  because of  

a rh eo lo g ica l  abnormal i ty  has a sound t h e o r e t i c a l  bas is .

Blood V i s c o s i t y  in Vivo

The s ta te d  opinions as to  whether b lood 's  t h e o r e t i c a l  

and in v i t r o  p ro p e r t ies  are  a p p l ic a b le  in v iv o  vary from a f i r m  

view t h a t  they are (Replogle ,  1 9 & 7 ; M e r r i l l ,  1969) to  an eq u a l ly  

f i r m  op in ion  th a t  they are l i k e l y  to be i r r e l e v a n t  (Lancet  

E d i t o r i a l  1977; McDonald, 1974; Burton,  1965) -  because o f  the  

high shear ra tes  thought to  p e r ta in  in v ivo  and the specia l  

nature  o f  f low in the m ic ro c i r c u la t io n .

Attempts to measure blood v is c o s i t y  in v iv o  ar.e beset w i th  

d i f f i c u l t y ,  since  so many d i f f e r e n t  fa c to rs  in a d d i t io n  to  the  

i n t r i n s i c  f low p ro p e r t ie s  o f  blood govern the r e g u la t io n  o f  blood 

f low .  There are  few pu b l ica t io n s  on t h is  s u b je c t .

The c la s s i c  and o f t  quoted study o f  blood v i s c o s i t y  in v ivo  

is t h a t  o f  W h i t tak e r  and Winton (1933) .  They noted th a t  e a r l y  

studies  o f  blood f low in tubes (Denning and Watson, 1906; Hess,  

1907) showing v a r i a t i o n  w i th  tube s iz e  and f low  r a te  were 

incompatib le  w i th  P o îs e u i l i e ' s  observations  and made the  

p r e d ic t io n  o f  the v is c o s i t y  o f  blood in a vas cu la r  bed q u i te  

impossib le .  They pointed out th a t  al though t e x t  books o f  

physiology quoted a va lue o f  about 5 fo r  the v is c o s i t y  o f  blood 

( r e l a t i v e  to  w a t e r ) ,  values o f  between 2 and 100 times th a t  o f
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water  may be obtained depending on the cond i t ions  o f  measurement. 

W h it take r  and Winton constructed a h e a r t - lu n g  ( l a t e r  pump-lung) 

p re para t ion  in which they perfused an is o la te d  canine hind limb 

w i t h ,  a t  d i f f e r e n t  t imes,  d e f i b r i n a t e d  blood o f  vary ing  

ha em atocr i t ,  plasma and r in g e r  l a c t a t e .  Quoting the constancy 

o f  the re s u l ts  w i th  changing per fusates  and f low  rates they 

argued th a t  the diameter o f  the vessels did not change 

s i g n i f i c a n t l y  during the perfusions  and th a t  t h e r e f o r e ,  by 

comparing the perfusion pressures required to mainta in  the same 

f low rates fo r  blood and plasma, the v is c o s i t y  o f  blood r e l a t i v e  

to plasma -  the r e l a t i v e  v is c o s i t y  -  could be c a lc u la t e d .  These 

values were compared w i th  data from a high v e l o c i t y  Ostwald 

type o f  v iscometer .  At 90 mm Hg pressure W h i t take r  and Winton 

found the apparent v is c o s i t y  o f  normal d e f i b r i n a t e d  blood to be 

2 .2  0 . 2 ,  about one h a l f  the value given by the glass

viscometer .  They a t t r i b u t e d  the low value o f  the apparent  

v is c o s i t y  to the small diameter o f  the blood vessels in which 

most o f  the a r te r io -ve n o u s  pressure f a l l  occurs,  invoking the 

Fahraeus-L indqviSt e f f e c t  ( the  increasing r e l a t i v e  importance o f  

the c e l l  f r e e  outer  zone as tube diameter decreases) as 

e x p l a n a t i o n . ( I t  has been pointed out th a t  a reduction in 

v is c o s i t y  o f  t h is  magnitude occurs in c a p i l l a r y  tubes o f  about 

30-40 p which is approximate ly  the s iz e  o f  the terminal  a r t e r i o l e s  

and venules in which most o f  the pressure drop in the human limb 

occurs (Strandness,  1 9 7 5 ) ) .

Determinat ion o f  r e l a t i v e  v is c o s i t y  in a vascu lar  bed was the  

main o b je c t  o f  what must have been a h ig h ly  temperamental  

exper imenta l  arrangement (3 pump-lung prepara t ions  were used in
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p a r a l l e l ,  invo lv ing  260 g lass-rubber  connect ions) ,  and low f low  

sta tes  were not p a r t i c u l a r l y  s tud ied .  However, W h i t taker  and 

Winton did note t h a t  i f  the a r t e r i a l  pressure was less than 

50 mm Hg, v i s c o s i t y  increased s l i g h t l y  and th a t  a t  h igher  

corpuscular concentra t ion  the increase o f  v i s c o s i t y  w i th  

reduction o f  a r t e r i a l  pressure was g re a te r .

With regard to  the r e la t io n s h ip  between 'h ind l imb'  

v is c o s i t y  and haematocr i t  they concluded th a t  al though the actual  

values o f  the apparent v is c o s i t y  o f  blood are w ide ly  d i f f e r e n t  

in the limb and in a v iscometer ,  the r a t i o  o f  the v is c o s i t y  o f  

an abnormally concentrated blood to th a t  o f  normal blood is not  

very d i f f e r e n t  in the two, and viscometry readings y ie ld e d  a 

f a i r  i n d ic a t io n  o f  the increased res is tance  to c i r c u l a t i o n  in 

polycythaemia . They did not fee l  th a t  viscometry would be 

he lp fu l  in low haematocr i t  condi t ions because o f  the wide 

v a r ia t io n s  between hind limb and viscometer data .

I n t e r e s t i n g l y  the f in d in g s  o f  W hi t taker  and Winton w i th  

regard to the discrepancy between blood v is c o s i t y  in v i t r o  and 

vivo were confirmed more re c e n t ly  (Benis,  1973) but th is  newer 

work demonstrated t h a t  the cause o f  the phenomenon could not be 

due to an a l t e r a t i o n  in c e l l  d i s t r i b u t i o n  (as in the Fahraeus-  

Li ndqvi s t  e f f e c t )  since  a s i m i l a r  e f f e c t  was observed when c e l l  

f re e  per fusates  o f  d i f f e r e n t  v is c o s i t y  were used.

Benis considered the  l i k e l y  exp lanat ion  to  be the occurence  

o f  non l i n e a r  i n e r t i a l  pressure losses in the l a r g e r  vessels  o f  

the hind l imb, the e f f e c t  o f  the pressure losses d i s p r o p o r t io n a t e ly  

a f f e c t i n g  the f l u i d  o f  lower v is c o s i t y  and thereby reducing the  

r e l a t i v e  v is c o s i t y  o f  blood and plasma. This more recent  work
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however, confirmed the basic re la t io n s h ip  between res is tance  

to  f low  in the hind limb and haematocr i t .  This is not 

d i s s i m i l a r  to the published re su l ts  o f  in v i t r o  viscometry  and 

i l l u s t r a t e s  the progress ive r i s e  in res is ta nce  to  f low as 

haematocr i t  increases.

Again however, Benis e t  al  did not study blood under low 

f low cond i t ions  and the 'blood '  they used was in f a c t  a 

suspension o f  washed red c e l l s  in r in g er  albumin s o lu t io n ,  and 

t h e r e f o r e  did not conta in  f ib r inogen  (or g l o b u l i n s ) .  I t  was 

perfused in a non p u l s a t i l e  fashion and was not oxygenated.  

P rev io u s ly  the same authors (Benis,  1970) had conducted s im i l a r  

experiments in which the e f f e c t  of  haematocr it  on pre ssure - f low  

r e la t i o n s  in the perfused (steady f low) is o la te d  hind paw o f  the 

dog had been s tud ied .  Again they found th a t  the  pressure f low  

r e l a t i o n s h i p  was non l i n e a r  and th is  they a t t r i b u t e d  to  non 

Newtonian v is c o s i t y  and vessel  d i s t e n s i b i 1 i t y  as w e l l  as i n e r t i a l  

pressure losses.  At phys io log ica l  perfus ion pressures,  i n e r t i a l  

losses accounted fo r  about 40% o f  the t o t a l  pressure  drop fo r  

c e l l  f r e e  albumin r in g e r  s o lu t io n ,  and decreased to  about 5% 

f o r  blood o f  haematocr i t  50.

Levy and Share (1953) a lso  studied the In f lu e n c e  o f  

e r y t h r o c y t e  concentra t ion  on the p re ssu re - f lo w  r e l a t i o n s h i p  in 

the dog hind limb in a prepara t ion  in which the s c i a t i c  and 

femoral  nerves were d iv id e d ,  cannulae inser ted  in to  the femoral  

a r t e r y  and vein  and the c o l l a t e r a l  c i r c u l a t i o n  prevented by 

apply ing  two w i re  tourn iquets  about the remaining t issues  o f  the  

upper th ig h .  Perfusion o f  blood was performed d i r e c t l y  from the 

dog's own femoral  a r t e r y  and haematocri t  v a r ie d  by rep lac ing  an
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a r b i t r a r y  q u a n t i ty  of  the dog's blood by e i t h e r  packed c e l l s  or  

plasma. The authors considered th a t  t h i s  p re para t ion  represented  

'moderate d i l a t a t i o n '  and found th a t  the pressure  f low curves 

were p a r a b o l ic ,  convex to the pressure a x is .  The logar i thm ic  

slopes were equal fo r  a l l  haematocr i t  r a t io s  in the given 

experiments and th e re fo re  the re lev an t  apparent v is c o s i t i e s  were 

independent o f  v a r ia t io n s  in pressure.  T h e i r  re s u l ts  a lso  

i n d ic a te  th a t  the degree o f  non l i n e a r i t y  o f  the pressure f low  

curve is independent o f  haematocr it  which is a t  var iance  w i th  

the r e s u l ts  o f  W h i t taker  and Winton (1933) and Benis e t  al  (1973) 

Levy and Share a lso studied pressure f low curves under condit ions  

which they considered to represent  maximal v a s o d i l a t a t io n  by 

perfus ing  the prepara t ion  w i th  de-oxygenated blood a f t e r  10 

minutes or  more o f  ischaemia.  In some o f  these experiments they 

a ls o  added sodium n i t r i t e  to  the blood to ensure maximal 

v a s o d i l a t a t io n .  The blood was perfused In a non p u l s a t i l e  

fashion from a re s e r v o i r .  For the'maxlmal v a s o d i l a t a t io n '  

pre p ara t io n  the curves r e l a t i n g  pressure and f low  were v i r t u a l l y  

l i n e a r ,  and the r e l a t i v e  apparent v is c o s i t y  ' i n t i m a t e l y  dependent 

upon pressure ,  becoming s i g n i f i c a n t l y  g r e a t e r  when 

p r o g re s s iv e ly  lower re ference  pressures were chosen". They 

e x p la in  t h is  paradox on the basis th a t  in the non maximally  

d i l a t e d  prepara t ion  there  is a passive  increase  in the diameter  

o f  a r t e r i o l e s  or an opening o f  p re v io u s ly  closed c a p i l l a r y  beds 

w ith  increas ing  perfus ion pressure.  I t  appears however, th a t  

the re  were techn ica l  problems w i th  t h e i r  exper imental  model since  

only  s ix  out o f  f i f t e e n  denervated p repara t ions  were considered  

to be s u f f i c i e n t l y  f r e e  from f o r t u i t o u s  a l t e r a t i o n s  o f  vasomoter
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tone. Also the lowest haematocri t  they used was 22%, the  

apparent v is c o s i t y  o f  plasma being deduced by e x t r a p o l a t i o n .

Studies o f  a s i m i l a r  na ture  by Pappenheimer and Maes (1942) 

suggested t h a t  the pressure f low re la t io n s h ip  was l i n e a r  over a 

wide range b u t ,  r a th e r  l i k e  W hi t taker  and Winton they noted a 

d e v ia t io n  from l i n e a r i t y  below c r i t i c a l  values of  f low.  

Conversely,  Green (1944) found f low to  be an exponent ia l  func t ion  

o f  pressure  in a s e r ie s  o f  experiments in which pressure f low  

r e la t io n s  were s tudied  by record ing e i t h e r  the a r t e r i a l  in f low  or  

the venous o u t f lo w  a t  a s e r ie s  o f  perfusion pressures in var ious  

vascular  beds in the hind limbs o f  anaesthetised dogs.

I t  is ev iden t  from the foregoing th a t  there  is no c le a r  

consensus o f  evidence from iso la te d  limb perfus ion  experiments  

as to the nature  o f  in v ivo  blood behaviour a t  low f low r a t e s ,  

although there  is agreement tha t  res is tance  in v ivo increases  

considerably  w i th  increas ing  haematocr it .

There appears to  be only  one study in the l i t e r a t u r e  aimed 

s p e c i f i c a l l y  a t  de te rmin ing blood v is c o s i t y  in v ivo  a t  low rates  

o f  f low (D jo jo s u g i t o ,  1970).  D jo josug i to  and his  col leagues  

were concerned t h a t  the l i n e a r  -  o r  almost l i n e a r  -  pressure f low  

r e la t io n s h ip s  obta ined in the e a r l i e r  studies quoted above were 

in f luenced by smooth muscle a c t i v i t y  and suggested t h a t  a c t i v e  

vascu lar  smooth muscle adjustments were tak ing  place to  

counte ract the physical  d is t e n t io n  o f  the res is tan ce  vessels  a t  

higher  pressures and f lows (Folkow and Lo fv ing ,  1956).  They 

f e l t  t h a t  I f  the vascu la r  bed is to  be used as a viscometer a l l  

smooth muscle a c t i v i t y  should be abol ished and the pass ive -  

e l a s t i c  behaviour o f  the vascular  bed f u l l y  d is p la yed .  In t h e i r
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experiments D j o j o s u g i t o ' s group perfused the i s o la te d  c a l f  

muscles o f  the cat w i th  blood from the c o n t r a - l a t e r a l  femoral  

a r t e r y  and c o n t r o l le d  the ra te  o f  f low w i th  a screw clamp on 

the po lye thy lene  c a th e te r  connecting the donor femoral  a r t e r y  

to the t e s t  p re p a ra t io n .  Pressure f low curves were then 

obta ined down to perfus ion  pressures o f  10 mm Hg or  less .  In 

order  to  minimise changes in smooth muscle tone they obtained  

maximal d i l a t a t i o n  by exerc is in g  the c a l f  muscles w i th  

e l e c t r i c a l  s t im u la t io n  o f  the s c i a t i c  nerve ,  and a ls o  infused  

what they descr ibe  as 'huge doses' o f  iso p ren a l in e  and acety l  

ch o l in e  (25-50  micrograms). Values f o r  in v ivo  v i s c o s i t y  were 

obta ined  by comparing the pressure f low curve o f  blood w i th  

t h a t  o f  a Newtonian f l u i d  o f  known v is c o s i t y  (Dextran-Tyrode  

s o l u t i o n ) .  They concluded, in agreement w i th  previous work,  

(W h i t ta k e r  and Winton,  1933; Benis,  1973) t h a t  apparent  

v i s c o s i t y  in v ivo  was approximately  50% lower than in v i t r o  

v a lu e s ,  and th a t  al though in v ivo v is c o s i t y  increased a t  very  

low ra tes  o f  f low  i t  was as a maximum only doubled.  This  

maximum v is c o s i t y  occurred a t  a perfusion pressure o f  

approx im ate ly  10 mm Hg,below which v is c o s i t y  decreased again .  

They concluded th a t  the steep r i s e  o f  v is c o s i t y  in v i t r o  a t  low 

shear ra tes  had no counterpar t  in v ivo .  These conclusions were 

however based on only  s ix  experiments and changes in haematocri t  

were not s tu d ie d .  An odd fe a tu re  o f  t h e i r  r e s u l t s  is t h a t  the  

in v i t r o  va lue  o f  blood v is c o s i t y  a t  high shear r a te  (230 sec ^) 

v a r ie d  remarkably w i th  what would be expected.  One animal  

haem atocr i t  37,  had a v is c o s i t y  o f  5 .7  cps w h i le  ano the r ,  

haem atocr i t  42 ,  had a v is c o s i t y  o f  3 .5  cps -  a very  wide
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v a r i a t i o n  f o r  which the exp lana t ion  is not c l e a r .

A ra th e r  d i f f e r e n t  approach to  the de te rm ina t ion  o f  in 

v ivo  blood v is c o s i t y  was adopted by Frasher and col leagues  

at the U n iv e r s i ty  o f  Southern C a l i f o r n i a .  In a s er ies  o f  

p u b l ic a t io n s  (Frasher ,  1967a, b, 1968, 1971; Meiselman, 1971,  

1972) they described a v a r i a b le  shear r a t e ,  non p u l s a t i l e  

c a p i l l a r y  viscometer which measures the v i s c o s i t y  o f  blood as 

i t  f lows d i r e c t l y  from a chronic  a r te r io -v e n o u s  shunt between 

the c a r o t id  a r t e r y  and ju g u l a r  ve in  o f  the dog. The tubes used

were o f  diameters 85 and 200 microns re s p e c t iv e ly  and the shear
_1 _ 1

rates obta ined var ied  between 120 sec and 1,000 sec

Haematocr its ranged from 30 “ 45.  In p a r t i c u l a r ,  they studied

the e f f e c t  o f  h e p a r in is a t  i o n , p l a t e l e t  w ithdrawal and

d e f i b r i n a t i o n  (by in fus ion o f  th rombin) .  They s ta ted  th a t

n e i t h e r  heparin i n j e c t i o n  nor p l a t e l e t  removal a f fe c te d  the

measured v is c o s i t y  a t  e i t h e r  tube s i z e ,  which is in agreement

w i th  previous s tu d ies .  They analysed the e f f e c t  o f  shear ra te

and haematocr i t  on apparent v is c o s i t y  by regressing the

measured apparent v is c o s i t y  aga ins t  shear r a te  and haematocri t

according to  two equat ions; one assuming a l i n e a r  r e la t i o n s h i p ,

the o th e r  a power law. The power law r e l a t i o n s h i p  showed a

d i s t i n c t l y  b e t t e r  c o r r e l a t i o n  again co n s is te n t  w i th  previous

studies  ( M e r r i l l , 1969) .  More s u r p r is i n g l y  they were unable to

demonstrate a d i f f e r e n c e  in measured v is c o s i t y  between the 200

micron and 85 micron tubes,  whose s izes  are  w e l l  w i t h i n  the range

where the Fahraeus-L indqvist  e f f e c t  would be expected to  lead

to  reduct ion in haem atocr i t ,  and hence v i s c o s i t y ,  o f  the blood

issuing from the sm al le r  tube.  However, a d i f f e r e n c e  was
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detected between the e f f e c t  o f  shear ra te  on v is c o s i t y  In the  

two tubes,  the regression c o e f f i c i e n t s  being s i g n i f i c a n t l y  

higher  in the 85 micron tube.  This they assumed to be due to  

a l t e r a t i o n s  In the f low  p a t te rn s  a t  the entrance and along the  

length o f  the measurement tubes.

In the only  s tudy,  o the r  than th a t  reported l a t e r  in th is  

t h e s is ,  to  in v e s t ig a t e  d i r e c t l y  the e f f e c t  o f  f ib r in o g e n  on in 

vivo blood rheology,  Meiselman e t  al  (1972) used t h e i r  

A-V shunt c a p i l l a r y  viscometer to examine changes in v is c o s i t y  

during d e f i b r i n a t i o n  by in fus ion  o f  thromboplastin ,  ( l a t e r  

bovine throm bin ) ,  in to  the vena cava o f  the exper imental  dog.

They assumed t h a t  any micro aggregates or  thrombi produced would 

be re ta in ed  by the lungs. Fibr inogen leve ls  f e l l  s i g n i f i c a n t l y  

and were reduced to less than 10% o f  the i n i t i a l  value fo r  two 

hours or  more. Measurements were made a t  th ree  shear rates  

approximat ing to 560 sec \  l40 sec  ̂ and 28 sec ^ . They 

observed th a t  v is c o s i t y  decreased as shear ra te  increased,  th a t  

apparent v is c o s i t y  o f  dog blood is a d i r e c t  func t ion  o f  

haematocri t  in the range 25-45%, and th a t  the e f f e c t  o f  f ib r in o g e n  

on the rheo log ica l  p ro p e r t ie s  o f  dogs blood does not appear to be 

s i g n i f i c a n t .  Although not mentioned in the p u b l ic a t io n  quoted  

above, t h is  seems to  be in c o n t ra d ic t io n  to e a r l i e r  accounts o f  

the same, or  s i m i l a r ,  experiments contained in a review a r t i c l e  

by Way land (1967) which describes a decrease in apparent v is c o s i t y  

with  d e c l in in g  f ib r in o g e n  leve l  and suggests a lso  a ro le  f o r  

products o f  f i b r i n o l y s i s  in determining the a b i l i t y  o f  f ib r in o g e n  

to  act  as a cement in forming red c e l l  aggregates -  which are  

thought to  be important in determining the rheo log ica l  p ro p e r t ie s
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o f  blood.

There are  obviously  l i m i t a t io n s  as to  how f a r  one can 

extend these o b s erva t ions ,  made under condi t ions  o f  steady f low  

in a r i g i d  c a p i l l a r y  tube,  and a t  a shear ra te  not s u f f i c i e n t l y  

low f o r  f ib r in o g e n  to be expected to e xe r t  a g rea t  e f f e c t  on 

blood 's  anomalous v i s c o s i t y .  I f  the e f f e c t  o f  f ib r in o g e n  on 

red c e l l  i n t e r a c t i o n  is important in the c i r c u l a t i o n  one would 

expect I t  to be so in condit ions where blood f low  is e i t h e r  very  

slow or  o f  a s t o p / s t a r t  na tu re ,  or f lowing through a s e r ie s  of  

complex ju n c t io n s .  None o f  these condi t ions is reproduced in 

Frasher and Meiselman's model.

There are  obvious d i f f i c u l t i e s  in the c onst ruc t io n  o f  

p re ss u re - f lo w  curves f o r  blood in humans, but in an ingenious  

exper imenta l  procedure invo lv ing  venous occlusion plethysmography  

in human v o lu n te e rs ,  C o l l in s  (1967) constructed pressure f low  

curves f o l lo w in g  sudden reduction in perfus ion  pressure .

Pressure f low  curves f o r  the hand were p a r a b o l i c ,  convex to  the 

pressure ax is  ( in  l i n e  w i th  the animal work descr ibed above),  

but when the skin was rendered ischaemic w i th  a d re n a l in e  and 

pressure f low  curves constructed fo r  what seemed to  be forearm  

muscle,  the curves were concave to the pressure a x i s .  This they 

a t t r i b u t e d  to  auto r e g u la t io n .

The under ly ing  theme to  th is  thes is  is th a t  i t  may be 

possib le  to  t r e a t  inoperable  a r t e r i a l  i n s u f f i c ie n c y  by modifying  

blood f low  p r o p e r t i e s .  Encouragement fo r  t h i s  is provided by 

reports  o f  b lood 's  anomalous low f low p ro p e r t ie s  in v i t r o  which,  

i f  r e f l e c t e d  in v iv o ,  would place great importance on the
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increase  in v is c o s i t y  which occurs a t  low f low  r a t e s ,  t h is  

increase  being re la te d  to  f ib r in o g e n  concentra t ion  and 

h aem atocr i t .  However the e f f e c t  o f  reduced f low and e levated  

haematocr i t ,and the e f f e c t  o f  f ib r in o g e n  concentra t ion  a t  very  

low f low rates do not seem to have been adequate ly  inv es t iga ted  

in v ivo .



CHAPTER FOUR

EFFECT OF DEFIBRINATION ON BLOOD FLOW 
THROUGH A CRITICAL ARTERIAL STENOSIS

The d i f f i c u l t i e s  of  e s ta b l is h in g  the rhe o log ic a l  

p r o p e r t ie s  o f  blood in the in ta c t  c i r c u l a t i o n  a re  very  

c o n s id e ra b le ,  and the bulk o f  th is  thes is  is devoted to  

such work.  However i t  seemed reasonable to determine in a 

simple canine model i f  the removal o f  f ib r in o g e n  from the  

c i r c u l a t i n g  blood would increase f low in an ischaemic limb 

( B a r r i e ,  1976).

Ancrod, a p u r i f i e d  enzymatic d e r iv a t i v e  o f  the venom of  

the Malayan P i t  V ip e r ,  breaks down f ib r in o g e n  to degradation  

products which are  removed from the c i r c u l a t i o n  by the  

r e t i c u l o - e n d o t h e l i a 1 system, the re s u l ta n t  e f f e c t  being 

complete d e f ib r in o g e n a t I  on (Reid,  1968).  Un l ike  the syndrome 

o f  disseminated in t r a  vascular  coagu la t ion ,  o th e r  c l o t t i n g  

fa c to r s  a re  not a f f e c t e d ,  al though the s p l i t  products formed 

by the degradation  o f  f ib r inoge n  may e xe r t  t r a n s ie n t  a n t i ­

coagulant  and anti p l a t e l e t  a c t ion s .  (Kowalski ,  1964; L a r r i e u ,  

1966 ; P r e n t ic e ,  1969).

C l i n i c a l  repor ts  o f  ancrod's e f f e c t  in a r t e r i a l  disease  

have been c o n f l i c t i n g :  Ehringer e t  al  (1972) claimed to  show

a b e n e f i c i a l  e f f e c t  w i th  ancrod treatment in the therapy o f  

p e r ip h era l  ischaemia as did Ehrly (1 9 7 3 ) ,  but subsequent 

exper ience  has been d is ap po in t ing .  Char 1esw o r th ' s group used 

ancrod to  t r e a t  p a t ie n ts  w i th  advanced ischaemia but were 

unable to  show convincing improvement even in t h i s  group 

(Humphreys, 1977).

57
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M a t e r i a l s  and Methods (p ig  7 )

Eleven mongrel dogs, weighing l8 -2 2 k g ,  were 

anae s the t ised  w i th  sodium pentobarb i tone ,  30 mg/kg, and 

v e n t i l a t e d  w i th  a i r  v ia  a mechanical r e s p i r a t o r .  Thoracotomy 

was performed through the l e f t  f i f t h  in te rspace  and a non- 

cannu la t ing  e lec tromagnet ic  f low  probe placed around the 

ascending a o r ta .  A lower mid l i n e  abdominal in c is io n  was 

made and the a o r t i c  t r i f u r c a t i o n  exposed. The in c is io n  was 

extended in to  the l e f t  groin to a l lo w  exposure o f  the l e f t  

i l i a c  and femoral a r t e r i e s .  A po lye thy lene  c a t h e t e r  ( in te r n a l  

diamete r  Q.85  mmXwas inser ted  in to  the abdominal aor ta  v ia  

the median sacral  a r t e r y  and the common in te r n a l  I l i a c  a r t e r y  

l i g a t e d .  The c a th e te r  was connected to  an inductance type 

pressure transducer  (H ewle t t  Packard 1280) to  a l lo w  

continuous monitoring  o f  a o r t i c  pressure.  E lectromagnetic  

f low probes were placed around both i l i a c  a r t e r i e s  j u s t  d i s t a l  

to the  a o r t i c  t r i f u r c a t i o n .  On the l e f t  s id e ,  a l l  o f  the i l i a c  

and femoral  a r t e r i a l  branches ( in c lu d in g  the deep femoral  

a r t e r y )  between the probe and the s u p e r f i c i a l  femoral a r t e r y  

were l i g a t e d .  The r i g h t  i l i o - f e m o r a l  a r t e r i a l  supply was not 

d is tu rb e d .  A f t e r  an in t e r v a l  to a l lo w  s t a b i l i s a t i o n  o f  the 

^preparation ,  the values o f  card ia c  o u tp u t ,  a r t e r i a l  pressure  

and each i l i a c  a r t e r i a l  f low  were recorded. A " c r i t i c a l "  

a r t e r i a l  s tenosis  was produced by ty in g  a l i g a t u r e  around the 

l e f t  s u p e r f i c i a l  femoral  a r t e r y  and reducing the f low  to the  

minimum t h a t  could be obta ined w i th o u t  occluding the vessel  

complete ly .  The p re para t ion  was then al lowed to s t a b i l i s e  fo r  

approximate ly  45 minutes.  Animals comprising the t re a te d  group,  

7 in a l l ,  were infused in t ravenous ly  w i th  ancrod 1 u n i t / k g  in
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50 cc normal s a l in e  over 30 minutes.  Four contro l  animals were 

given a s i m i l a r  volume o f  s a l in e  o n ly .  The haemodynamic 

v a r ia b le s  o f  the animals were recorded on a d i r e c t  w r i t i n g  

recorder fo r  the remaining three  hours o f  the experiment.

Zero f low references were obta ined p e r i o d i c a l l y  fo r  the i l i a c  

probes by occlusion o f  the a r t e r i e s  j u s t  d i s t a l  to the probes.

On the l e f t  side the absence o f  c o l l a t e r a l  supply was confirmed  

by checking th a t  zero f low was obtained by occlusion o f  the  

s u p e r f i c i a l  femoral a r t e r y  immediately proximal to the stenosis .  

The d i a s t o l i c  q u ie t  i n t e r v a l  was taken as zero f low fo r  the 

ascending a o r t i c  probe.

Results

Table  1 shows the mean changes, w i th  standard d e v ia t io n s ,  

in card iac  output and I l i a c  a r t e r i a l  f low in the four contro l  

and seven t re a ted  animals .  In both groups, card iac  output f e l l  

during  the experiment,  the decrease being g r e a t e r ,  but not 

s i g n i f i c a n t l y  so, in the t r e a te d  group (F igure  8 ) .

Although there  was considerable  in d iv id u a l  v a r i a t i o n  in 

both t r e a te d  and untrea ted  animals the mean i l i a c  a r t e r i a l  f low  

in the non ischaemic limb decreased by a g r e a t e r  amount than 

card iac  ou tpu t ,  there  being no s i g n i f i c a n t  d i f f e r e n c e  between 

the t r e a te d  and untreated  animals (Table  1, Column l ) .

By c o n t r a s t ,  there  was a d i s t i n c t  d i f f e r e n c e  between 

t r e a te d  and untreated  animals w i th  regard to flows through the  

ischaemic limb (F igure  9; Table  1, Column 2 ) .  During the three  

hours a f t e r  ancrod in fus ion  the mean i l i a c  f low  o f  the contro l  

group decreased by 34% w h i le  the mean i l i a c  f low o f  the 

t r e a te d  group increased by 20%. I n d i v i d u a l l y  blood f low
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decreased in a l l  the ischaemic limbs in the contro l  group 

and increased in a l l  o f  the t re a te d  group. A f t e r  60 minutes 

the d i f f e r e n c e  between the two groups is s t a t i s t i c a l l y  

s i g n i f i c a n t  (P ^  0 .0 0 1 ) .  Since card iac  output decreased by a 

g r e a t e r  amount in the t re a ted  group t h is  increase  is a l l  the  

more s t r i k i n g .  During the three hours o f  the experiment the  

h a em atoc r i t  remained constant in each group (Table  1,

Column 4 ) .

D i scussI  on

The dose o f  ancrod administered in th is  study,  1 u n i t / k g

is s u f f i c i e n t  to reduce the plasma f ib r in o g e n  concentra t ion  in

dogs to  very low le v e ls  (unmeasurable by r o u t in e  methods)

w i t h i n  two hours (Reid ,  1968).  Although v is c o s i t y  measurements

o f  blood d i f f e r  w i th  the type o f  viscometer used and the ra te

o f  shear a t  which they are  measured, th e re  is general agreement

t h a t  d e f ib r in o g e n a t lo n  reduces blood v is c o s i t y .  At the shear

ra tes  encountered in the normal limb (thought to  vary  from 
-1 -1

100 sec to 10 sec ) the reduction in whole blood v is c o s i t y  

achieved by d e f i b r i n a t i o n  is In the order  o f  20% ( E h r ly ,  1973).  

However, as shear ra te  is reduced, the v i s c o s i t y  o f  normal 

blood increases and there  is good evidence th a t  a y i e l d  s t ress  

e x i s t s  ( M e r r i 11 , 1969) .  I t  has been claimed t h a t  these e f f e c t s  

are  l a r g e l y  dependent on the presence o f  f i b r i n o g e n ,  since  

suspensions o f  red blood c e l l s  in s a l in e  have been shown to  

behave in an almost Newtonian fashion ( M e r r i 1 1 ,1 9 6 9 ) .  Thus, a t  

ex t rem e ly  low shear r a t e s ,  the concentra t ion  o f  f ib r in o g e n  may
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have a profound e f f e c t  on the f low p ro p e r t ie s  o f  blood. This 

may e x p la in  why, in our experiments ,  d e f i b r i n a t i o n  w i th  ancrod 

increased blood f low through the ischaemic,  but not the normal 

l imb o f  the  t re a te d  animals.

These experiments involved a comparat ive ly  small number 

o f  an ima ls ,  however, and a number o f  o b je c t io n s  can be made to 

the above hypothesis .

F i r s t l y ,  i t  is d i f f i c u l t  to  ob ta in  a s ta b le  prepara t ion  

w ith  a s te nos is  o f  the type used and there  Is a considerable  

tendency f o r  the f low rates to vary .  The s t a b i l i t y  and 

accuracy o f  e lec trom agnet ic  f low meters ,  p a r t i c u l a r l y  a t  low 

f low ra tes  is a f u r t h e r  d i f f i c u l t y  and i t  may be re le v a n t  th a t  

some o f  the  g re a tes t  percentage increases in f low  are recorded 

where f low  rates  are lowest i n i t i a l l y  and thus e r ro rs  o f  

measurement p o t e n t i a l l y  g r e a t e r .  The contro l  group by chance 

did not appear to have as t i g h t  a s tenosis  as the t re a ted  group,  

who th e r e f o r e  had lower i n i t i a l  f low r a t e s .  The card iac  output  

and limb f lows in the contro l  an imals ,  and non ischaemic limbs 

in the t r e a t e d  animals ,  f e l l  considerably  as did  cardiac  

output .  The decreased card iac  output is probably  not re la te d  to  

d e f i b r i n a t i o n  since almost as large  a decrease occurred in the 

contro l  animals as in the ancrod t r e a te d  group, but may be 

a t t r i b u t a b l e  to the pentobarbi tone  an aes thes ia .  Indeed, Nash 

e t  al  ( 1956) found a steady d ec l in e  in c a rd ia c  output to  50% 

o f  the o r i g i n a l  value a f t e r  th ree  hours o f  pentobarbi tone  

a n aesthes ia .  A lso,  in these exper iments,  to  prevent  possib le  

haemodi1u t io n  and r e s u l t a n t  decrease in blood v i s c o s i t y ,  

v i r t u a l l y  no support ive  intravenous f l u i d s  were given.



66

I f  ancrod e f f e c t i v e l y  reduces blood v is c o s i t y  in v ivo  

i t  would have been expected th a t  card iac  output  would increase  

compared to c o n t r o ls ,  but the opposite  e f f e c t  was observed,  

implying t h a t  in v ivo  v is c o s i t y  was hot reduced.

An a l t e r n a t i v e  exp lana t ion  o f  these re s u l ts  could be 

th a t  the h ig h ly  e f f i c i e n t  a n t ico agu la n t  e f f e c t  o f  ancrod 

prevented the decrease in f low  which occurred in the contro l  

ischaemic limbs -  where c l o t  formation could have occurred -  

and al lowed some form o f  a u to re g u la t io n  to take place in the  

ant i  coagulated ischaemic l imb.

Although these r e s u l t s ,  in a small number o f  

exper imental  animals ,  are  o f  i n t e r e s t ,  i t  may be th a t  th is  

p a r t i c u l a r  model does not s u f f i c i e n t l y  separate  changes due to  

rheo log ica l  fa c to r s  from those due to ,  fo r  example,  a l t e r a t i o n s  

in vascular  tone or  blood c o a g u l a b i l i t y .
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CHAPTER FIVE 

EXPERIMENTS USING ISOLATED HIND LIMBS

In a vascu lar  bed per iphera l  r e s is ta n c e ,  t h a t  is the  

r a t i o  o f  per fus ion  pressure to f low ,  has two components, 

the i n t r i n s i c  res is ta nce  o f  blood to  f low -  i t s  v is c o s i t y  -  

and a component r e la t e d  to the dimensions and geometry o f  the  

va sc u la r  bed. U n fo r tu n a te ly  fo r  the i n v e s t ig a t o r  vascu lar  

dimensions are  sub jec t  to  very large v a r i a t i o n s  and are  

in f lu en ced  by both local  and systemic f a c t o r s .  I t  fo l lows  

th a t  to  measure v is c o s i t y  in v ivo one requires  to know 

s im ultaneous ly  the pressure and f low ra te  through the  

p a r t i c u l a r  vascu lar  bed, and e i t h e r  to keep the geometric  

component constant  or  know enough about the changes to apply  

a c o r r e c t in g  f a c t o r .  In p r a c t ic e ,  th is  is u n l i k e l y  to  be 

ach i eved .

The contro l  o f  vasomotor tone is an enormously complex 

s u b jec t  which can only  be summarised b r i e f l y  here.  The nervous 

system c o n s tan t ly  a l t e r s  vascular  tone and c ard ia c  output to  

meet the  vary ing  demands o f  t i s s u e s ,  mainta in  systemic a r t e r i a l  

pressure and s t i l l  preserve the e ss en t ia l  func t ions  o f  h e a r t ,  

bra in  and o th e r  v i t a l  organs.  This contro l  is l a r g e l y  

exerc ised  v ia  the sympathetic nervous system, which appears 

capable  o f  producing a v a s o d i la t o r  e f f e c t ,  in a d d i t io n  to i t s  

more commonly recognised vas oc ons tr ic to r  a c t io n .  The para ­

sympathetic  nervous system a lso has a v a s o d i l a t o r  a c t io n ,  which 

may be mediated by a bradyk in in  l i k e  substance.  The wide  

v a r i e t y  o f  vascu lar  changes mediated through the nervous system 

are  not p r e d ic t a b le  enough to be al lowed f o r  in c a l c u l a t in g  the
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ro le  o f  blood v is c o s i t y  from a p re s s u re / f lo w  r e la t io n s h ip  

and thus a s u i t a b le  experimental  model would re qu ire  to  be 

denervated.

However even in a denervated p re p ara t io n  wide changes 

in v asc u la r  dimensions,  and th e r e fo r e  p e r ip h era l  res is tance  

may occur .  The alpha and beta receptors o f  the a r t e r i o l e s  

are  s t i l l  s e n s i t i v e  -  probably even more s e n s i t i v e  -  to the  

e f f e c t  o f  c i r c u l a t i n g  catecholamines,  b ra d yk in in s ,  histamine  

and o th e r  u n i d e n t i f i e d  vasoact ive  substances.  The vascular  

tonus o f  s k e le t a l  muscle is p a r t i c u l a r l y  l i a b l e  to wide  

changes,  probably due to  the preponderance o f  beta receptors  

which are  considered to be not innervated but a c t iv a t e d  by 

c i r c u l a t i n g  1 -ephinephr ine or in je c te d  beta s t im u la to rs  such 

as i s o p r e n a l in e .  S i m i l a r l y  skin has a most complex v a r i e t y  o f  

a v a i l a b l e  contro l  mechanisms. Rushner (1970) remarks in a 

review o f  per ip h era l  vascular  contro l  th a t  the overwhelming 

mass o f  l i t e r a t u r e  on the sub ject  d e f ie s  p rec is e  d e s c r ip t io n  

and concludes tha t  the vascu lar  r e a c t i v i t y  o f  s k e le t a l  

muscles and skin a re  in f luenced by a be w i lde r ing  number o f  

f a c t o r s .

Since the o b je c t  o f  t h is  th e s is  is to  compare change in 

vasc u la r  res is tance  a t t r i b u t a b l e  to the v is c o s i t y  o f  blood,  

the tone o f  the les istance vessels  must remain reasonably  

constant or  a t  le a s t  not change independently o f  the v a r i a b l e  

under examinat ion.

I n i t i a l l y  an a ttempt was made to  examine changes in blood 

f low measured w i th  the e lec trom agnet ic  f lo w  meter in the  

femoral  a r t e r y  o f  the i n t a c t  dog w i th  changes in the
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composit ion o f  blood but i t  proved impossible to obta in  a 

s u f f i c i e n t l y  s ta b le  p re p a ra t io n ,  even when the limb was 

sympathectomised. In a d d i t i o n ,  wi thout i s o la t i n g  the e n t i r e  

hind limb i t  proved impossible to secure low enough rates o f  

f low ,  since even when the femoral a r t e r y  was l ig a t e d  a s u b s ta n t ia l  

a r t e r i a l  input s t i l l  occurred v ia  c o l l a t e r a l  vessels .

For these reasons i t  was f e l t  th a t  iso la te d  organ perfus ion  

o f f e r e d  the only  prospect o f  f u l f i l l i n g  the o b je c t  o f  the s tudy ,  

to compare changes in v is c o s i t y  wi th  f low r a t e ,  haematocr it  and 

f ib r in o g e n  c o n c e n tra t io n .  A volume o f  l i t e r a t u r e  e x is t s  on 

models using the canine hind limb and th is  appeared a s u i t a b le  

s t a r t i n g  po in t  (Table  2 ) .  To resemble in v ivo  condi t ions as 

c lo se ly  as poss ib le  such a model should provide p u l s a t i l e  

f low w i th  f resh  oxygenated whole blood, and perfus ion pressure  

and f low should be a c c u r a te ly  measured over a wide range o f  

pressure and f low s ,  the procedure to  be c a r r ie d  out a t  body 

temperature .  I t  is e s s e n t ia l  to study the e f f e c t  o f  haem atocr i t ,  

in p a r t i c u l a r  high haem atocr i ts .  None o f  the s tudies  reviewed 

prev ious ly  had f u l f i l l e d  a l l  o f  these co n d i t io n s .  With th is  in 

mind the model descr ibed here was developed ( B a r r i e ,  1977).



4-1

1_
LS- O
o o

4-J
eu eu
en E
c eu
eu eu

ce n i

c
M- Oo

01
eu 3
en <4-
sz L .
eu eu

ce CL

M-
O

c no
o O

O
4-J

oo
01
O
Q.
E
O

(_)

s
ro oLOI— 11
3

O -

"D
eu
4-J

CN] eu no
c  o

LU eu O
_ ] en —
00 >,CÛ
< X
H- O

E
<D

(ü
(D

> -

U

4-)3
<

O
o o

I

o

o
LTV

I
CD-d"

"U0

L_
JO

(D
Q

O
z :

L A
-3 -

CNJ
OJ

eu
> -

CD O

^  S -(A (A

( A  C A  
( A  L A  (A CA

-O
(U

o
eu

eu CL
E X
O eu 01
01 4-J

eu C
c j= eu

4-J E

<4-
1

O L.
eu

eu CL
E X
O eu 0)
O l 4-1

eu C
c -C eu

4-J E

- û 4-J _ 0
E eu E

'— 0  —
01

C no — noo c c
■—4-1 JZ -C

eui_ eu eu eu
eu c — c
CL
eu c J- c

eu eu eu
CL CD ûL. o

-o
Q)

-O
3

CD
CNl

I
CD
LA

X
o
L .
Q.
D.
m

T3
Q)

“ O
3
4-1

70

CD-Cf

I

CD

"O
C
(T3

O  <>? 
-C f CD 

l  K O  
CD 
CNJ

CD
O
w

CD

LA-cr

LA
( A

O) fD
3 : E
E O 
E C

CD O  
Ï—  4-4

c
Ol eu

E
3

eu _o
u no

eu eu
no 4-J
eu L. eu
i_ eu c

(01
no c i_
eu -Q eu eu eu

_c i_ E E E
01 L. L. L .
eu c eu O O O

3 •“ no z z z

4-J eu no
C eu i_

z : eu
3

eu où
-C
CL

no &_ eu
c eu L. JZ
eu _c eu c/l O

c/l eu eu E 4-J
L. no
eu no 4-J 4-J eu c eo)

IX c: eu eu JC eu 3
eu eu c Ol
4-J 01 Ol eu C JZ O
4-1 >• CL eu 4-J •A

> c c Ql. eu O
J l eu eu eu eu i_ E •A
3 _ i CQ 00 CL co c/l CD

LA
-d -

LAfvj

<4-
O
01
eu
4-J'— ,
eu i '
i_ o

eu
L- 01
eu
eu CD'

JC LO­
c/l LA'

1
C
l_ 1

JD O
JD

4- E
eu O '

no u
JC
4-J

eu
E no
L. eu
O 4-J

z eu

I
"  U

-  eu
I U1
u
eu ooin CNl

o  -D 
-3- c

c
eu
eu
(3.
O
4-J
> -
O

3  "D
I o  eu eu
(U f—  I—  4—1'  r— fü

-O o  enm O L_ o_ •"** o "W _C É
s- c  c  -M (üfX3 • 0 r—

>  e/l U S  O

O O 01 cei o 01 en
Z Z eu eu z eu eu

>- >- >- >-
01
01
eu

(3 C_) o C3 CD
O O o O O

r~- r--. L. r~-
(A CA O (A (A (A

CD (A CNl ■J3- -3- CD
r~- r~- -=r -3 - r - -
CA CA CA CA CA CA
T—

i eu no
c eu

JD JD JD 01 4-J
3 E E E 4-J c eu
eu C eu s_
CL eu u O Ol 4J eu

E Ol 3 eu eu
no no no no en no u j i
c c c c eu eu E en

01 en JD > • eu 4 -
JZ _c JZ eu — E c o eu

01 -o  4-J CD
eu eu eu eu 3 3  eu eu O eu JD
c c c c O 4-J E l_ eu

no 4-J 4-J tD
c c c c L. 4-J ■— c L. en 01 L.
ru eu eu eu (U — U eu eu 3 eu

o CD CD CD > <  eu _c û . (01 E >

"O
eu

-C o  
u
eu u

s-t: 2
fn  eu L . + j 

eu c
3

eu j o  
_  c œ

3 J

— L.
(U

-  eu u

c  LO 
eu 3  
U  O 

c
O eu4-4 >

. eu 
1 ^
KO  KO  
CA CA

-eo L. E
I l s
i r i



71

The Model

Mongrel dogs, weighing 18-25 kg were used f o r  the  

exper iments.  Each animal was anaesthet ised  w i th  pentobarbi tone,

30 mg/kg in t rave n o u s ly ,  and v e n t i l a t e d  w i th  a i r  v ia  a piston  

v e n t i l a t o r .  Small incremental  doses o f  pentobarbi tone were 

given as necessary to mainta in  anaesthesia  f o r  the duration o f  

the exper iment ,  some fo ur  to  s ix  hours u s u a l ly .

Using e le c t r o - c a u t e r y  one hind limb was complete ly  

i s o la t e d  a t  the hip j o i n t  except f o r  the femoral  a r t e r y  and 

v e in ,  care being taken to  avoid o b s t ru c t in g  e i t h e r  o f  the  

femoral vessels .  A l l  c o l l a t e r a l  vessels  were l ig a t e d  or  

c a u t e r i z e d .  When the limb was a ttached only  by the femoral  

a r t e r y  and vein 5,000 u n i ts  o f  heparin were given i n t r a ­

venously to  the donor dog and the vessels  clamped. T shaped 

p o lyethy lene  cannulae ( i n t e r n a l  diameter 3.1 mm) were inserted  

in to  the d iv ided  ends o f  the femoral  a r t e r y  and ve^n and the clamps 

re leased.  With the s ide limbs o f  the cannulae clamped the 

c i r c u l a t i o n  was re -e s ta b l is h e d  v ia  the donor dog, having been 

i n te r ru p te d  f o r  less than one minute.

When the femoral a r t e r y  and vein  proximal to  the T shaped 

cannulae were clamped and the s ide  limbs o f  the cannulae opened, 

blood could be c i r c u l a t e d  v ia  the  ' t e s t  c i r c u i t '  i l l u s t r a t e d  

(F igure  10) .  This simple c i r c u i t  consisted o f  a re s e rv o i r  

from which oxygenated blood was pumped in a p u l s a t i l e  fash ion ,  

through connecting tubing to  the femoral  a r t e r y  o f  the dog.

The venous re turn  was routed back to  the r e s e r v o i r ,  the donor 

dog being complete ly  is o la te d  from the hind limb c i r c u l a t i o n .
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By means o f  a side arm the venous f low could be re a d i l y  

diver te d  to a measuring c y l in d e r  where the f low ra te  was 

measured wi th  a stop watch.  The a r t e r i a l  and venous pressures 

were accura te ly  monitored by pressure transducers (Hewlet t  

Packard 1280c) connected to ports immediately proximal to the 

l imb, and recorded on a mul t i -channel  recorder (Hewlett  

Packard 7700) .

The Oxygenator

For the c i r c u i t  a re -usab le ,  low priming volume, temperature  

s tab le  re s e rv o i r /b lo o d  oxygenator was required but no such 

device appeared to be a v a i l a b le  commercial ly.  The apparatus  

described here was th e re fo re  constructed o f  r e a d i l y  a v a i l a b le  

m ater ia ls  (F igure 11) .

The u n i t ,  made of  P le x ig la s s ,  consisted o f  a blood 

re s e rv o i r  o f  approximately 800 m i l l im e te rs  volume, an 

oxygenation chamber and a de-foaming chamber, surrounded on 

th ree sides by a water j a c k e t .

Blood passed from the re se rv o i r  to the oxygenation chamber 

where i t  was oxygenated by 97% oxygen/3% carbon d iox ide  mixture  

(from a commercial ly a v a i l a b le  c y l in d e r )  f lowing through an 

oxygen d i f f u s o r  obtained from a Travenol 2LF bubble 

oxygenator (normally used fo r  human cardio  pulmonary bypass 

procedures).  The oxygenation chamber contained a movable 

p a r t i t i o n ,  adjustment o f  which var ied the he ight  o f  the column 

of  blood being oxygenated and thus provided a method of  

a l t e r i n g  oxygenation in add i t ion  to a l t e r a t i o n  o f  the gas 

f low ra te .  The oxygenated blood bubbled over the p a r t i t i o n  

in to  the defoamlng chamber, where i t  was defoamed by contact



7*1

Venous Return

I I

Adjustoble
Shelf

Teflon
Shavings

J^rteriol
Outlet

Woter Out ygen Diffuser

S c h e m a tic  i l lu s tra t io n  o f  th e  o x y g e n a to r  
:ed in  these s tu d ies .

F I G  11



75

w i th  T e f lo n  shavings.

In the const ruct io n  o f  the device (3 .2  mm) P lex ig la s s  

was used f o r  b lood /w ater  in te r fa c e s  and 3 /1 6 "  ( 4 . 8  mm) fo r  

a i r / w a t e r  o r  a i r / b l o o d  in t e r f a c e s .  Water was c i r c u l a t e d  from 

a temperature  bath by a submersible pump a t  a r a te  o f  4 l i t r e s  

per minute .  A water  bath temperature o f  40°C was normally  

required  to m a in ta in  the blood in the oxygenator a t  37°C.

At the blood f low rates required in our experiments,

5-300  m ls /min ,  95-100% haemoglobin oxygen s a t u r a t io n  was 

obta ined w i th  O^/CO^ f low rates o f  0 .2  -  0 .4  l i t r e s  per minute.  

By adjustment o f  the gas f low ra te  the a r t e r i a l  P^2 and P^^2 

could be mainta ined w i t h i n  reasonably normal p hys io log ica l  

l i m i t s .

The Pump

For these experiments a pump was required which would have 

both a p u l s a t i l e  a c t io n  and be capable o f  p rov id ing  f low rates  

o f  from v i r t u a l l y  zero  to 400 mls/min. Such a pump, designed  

fo r  i s o la t e d  organ p e r fu s io n ,  or  other  s i t u a t io n s  where human 

card iac  outpu t  is to  be mimicked, is marketed by Harvard Pumps

L im i te d ,  Model 1405. Flow could be var ied  w i th  t h is  pump in

two ways; the s t rok e  ra te  could be var ied  from 0-200 strokes

per minute and the s t roke  volume from OrlO c . c .  Each o f  these

could be v a r ie d  independently  g iv ing  a f low range o f  from 

0 -2 ,0 0 0  mls/min.  Since the o b je c t  o f  these experiments was to  

mimic the ischaemic limb i t  was decided to f i x  the s t roke  r a te  

a t  100 beats per minute and achieve changes in f low  r a te  by 

vary ing  the s t roke  volume. A screw adjustment provided f i n e  

and re p ro d u c ib le  contro l  over t h i s .  When the screw was turned
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clockwise  the p iston was held shut and the s t rok e  volume 

became e f f e c t i v e l y  zero .  By r o ta t in g  the screw a n t i - c lo c k w is e  

a p r o g r e s s iv e ly  g re a te r  stroke volume could be achieved . This  

adjustment could be made w h i le  the pump was running and thus 

dur ing an exper iment ,  by a l t e r i n g  the s t roke  in increments 

from 0 -4  cc , the f low ra te  could be a l t e r e d  from 0-400 cc per 

mi nute .

The connecting tubing used in the per fus ion  apparatus  

was Tygon (Medical  Grade) tubing of  in te r n a l  diameter  3 /1 6"

(4 . 8  mm). Y shaped connecting pieces were used to  provide  

ports  f o r  the pressure transducers w h i le  in t roduc ing  minimal 

d is tu rba nce  to f low .  S im i la r  connecters were used f o r  the  

femoral  v e s s e ls ,  and to  provide a means o f  d i v e r t i n g  the 

venous f low  to the measuring c y l i n d e r .  By a p p ro p r ia te  

p o s i t io n in g  o f  clamps blood f low could be d iv e r t e d  as required  

from donor dog to perfus ion apparatus and venous re turn  to the 

measuring c y l in d e r  instead of  the r e s e r v o i r .

Although the apparatus was dismantled and thoroughly  

cleaned w i th  a n t i s e p t i c  so lu t io n  (5% Hexachlorophane) before  

and a f t e r  use, in view o f  the r e l a t i v e l y  shor t  d ura t ion  o f  the  

experiments no attempt was made to  render i t  complete ly  s t e r i l e  

P r i o r  to  use any residual  a n t i s e p t i c  was f lushed out by 

c i r c u l a t i n g  s t e r i l e  s a l in e  through the apparatus f o r  15 minutes,  

Experimental  Procedure

The aim o f  the experiments was to  o b ta in  a s e r ie s  o f  

measurements o f  a r t e r i a l  pressure ,  venous pressure and f low  

ra te  a t  mean a r t e r i a l  pressures ranging in increments from 

normal to about 5 mm Hg and increasing again in s im i l a r
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increments.  To t r y  and exclude the in f lu e n c e  o f  changes in

vessel  s i z e ,  on occasions the reverse order  was employed, the

s t a r t i n g  po in t  was in the middle o f  the per fus ion  range, or  

the order  was randomly v a r ie d .

The t e s t  blood was placed in the oxygenator and the  

clamps arranged so th a t  blood was pumped v ia  the t e s t  c i r c u i t .  

The f i r s t  200 cc or so o f  blood issuing from the limb was 

d iv e r te d  to a measuring c y l in d e r  and discarded to  t r y  and 

keep mixing o f  the t e s t  blood w i th  the limb donor dog blood 

to a minimum. The venous blood was then returned to the  

r e s e r v o i r  to complete the c i r c u i t .  At each change in the f low  

r a te  the pressure t rac in g s  (venous and a r t e r i a l )  were allowed  

to s t a b i l i z e  -  which occurred in a few seconds -  and the f low  

recorded. The f low ra te  was then changed by increasing or  

decreasing the s t roke  volume o f  the pump u n t i l  a s er ie s  o f  

measurement had been made w i th  each p o in t  having been 

approached from below and above.

Samples o f  blood were taken a t  the s t a r t  and f i n i s h  o f

each experiment fo r  measurement o f  h a em ato c r i t ,  plasma p r o t e in ,  

f i b r i n o g e n ,  and in v i t r o  v is c o s i t y .

On complet ion o f  per fus io n  o f  t e s t  blood the clamps were 

rearranged and the limb perfused by the l imb donor dog. The 

composit ion o f  the t e s t  blood could then be a l t e r e d  or replaced  

as re q u ired .  In p r a c t ic e  i t  was poss ib le  to  change the  

composit ion o f  the t e s t  blood up to 4 times during one 

experimenta l  session.
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At le a s t  once during  each experiment a s er ie s  o f  

p re s s u re / f lo w  measurements were made w i th  Dextran 40/10% 

normal s a l in e  a t  37°C in order  to provide a standard w i th  

which to compare the r e s u l ts  from d i f f e r e n t  experimental  

p re p a ra t io n s .  Dextran 40 seemed to lend i t s e l f  to t h is  

purpose since  i t  is commonly used in human intravenous  

in fus ions as a plasma volume expander and is not considered  

to be vaso a c t iv e .  I t s  e f f e c t  on blood v is c o s i t y  is now 

agreed to be l im i t e d  to  t h a t  obta ined by d i l u t i o n  (Ki lman,

1967;Dormandy, 1971),  desp i te  e a r l y  reports  to the c o n t ra ry .

By coincidence i t s  v is c o s i t y  (approximate ly  4 c en t ip o is e )  

approximates to  the o f  "normal" blood, th a t  is blood o f  

haematocr i t  40 measured a t  shear rates over 200 sec \  the  

asymptotic  va lue .

A l t e r a t i o n  in Haematocri t

In the experiments in which haematocri t  was to be v ar ied  

blood was drawn from donor dogs in to  c i t r a t e  phosphate dextrose  

c o l l e c t i o n  bags, o f  the type used fo r  c o l l e c t i n g  human 

donations f o r  t ra n s fu s io n  purposes. S t i l l  in the c o l l e c t i o n  

bags t h is  blood was then c en t r i fu g e d  a t  3500r .p .m .  fo r  5 

minutes and stored f o r  the dura tion  o f  the experiment in a 

water  bath a t  37°C u n t i l  ready f o r  use, a period which was not  

g re a t e r  than 3 hours.  The bags were kept v e r t i c a l  so th a t  the  

supernatant  plasma could be decanted,  and the plasma and 

concentrated red c e l l s  thereby obta ined remixed in s u i t a b le  

proport ion  to  prov ide t e s t  blood o f  haematocr it  less than 10 

to g re a t e r  than 70. As f a r  as possib le  d i r e c t  exposure o f  

blood to  a i r  was avoided.



79

A l t e r a t i o n  tn F ibr inogen Concentrât Ton

The f ib r in o g e n  leve l  in the te s t  sample was v a r ie d  in 

one o f  two ways:-  reducing the f ib r in o g e n  concentra t ion  by 

d e f i b r i n a t i n g  the donor dogé' blood, or  r a is i n g  the f ib r in o g e n  

co n ce n t ra t io n  by adding canine f ib r in o g e n  to the t e s t  blood.

D e f ib r in a t e d  blood was obtained by t r e a t i n g  blood donor 

dogs w i t h  ancrod. Ancrod is a p r o t e o l y t h i c  enzyme der ived  

from the venom o f  the Malayan P i t  V iper  (R e id ,  1968).  I t  

has a thrombin l i k e  a c t io n  on f ib r inoge n  but whereas thrombin 

s p l i t s  o f f  both f i b r i n o p e p t i de A and B from the  f ib r in o g e n  

m olecule ,  w i th  the format ion o f  a s ta b le  polymer,  f i b r i n ,  

ancrod s p l i t s  o f f  only  f ib r in o p e p t id e  A and the r e s u l t i n g  

products a re  c leared  from the c i r c u l a t i o n  by the r e t i c u l o  

e n d o t h e l ia l  system. This re su l ts  in the e f f e c t i v e  removal o f  

f i b r in o g e n  -  and on ly  f ib r in o g e n  -  from the blood. I n i t i a l l y  

however,  a high c i r c u l a t i n g  level  o f  f ib r in o g e n  breakdown 

products is produced, but t h e i r  level  f a l l s  to on ly  s l i g h t l y  

g r e a t e r  than normal a f t e r  the i n i t i a l  reduct ion in f ib r in o g e n  

l e v e l .  For t h i s  reason the donor dogs in these experiments  

were t r e a t e d  w i th  ancrod f o r  72 hours p r i o r  to  the c o l l e c t i o n  

o f  blood. The dosage used, one u n i t  per k i logram  per day by 

intravenous i n j e c t i o n ,  was s u f f i c i e n t  to produce complete  

d e f i b r i n a t i o n  but d id  not have any obvious t o x i c i t y ,  o th e r  

than a pronounced b leeding tendency.  Dogs t r e a t e d  in th is  

fash ion  thus provided a supply o f  blood, o f  very  low f ib r in o g e n  

c o n c e n t r a t io n ,  but normal in o ther  respects .
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Ancrod added to  blood in v i t r o  w i l l  produce a form o f  

c l o t t i n g ,  since i t s  e f f e c t  in v ivo  depends on the r e t i c u l o  

e n d o th e l ia l  system to  c le a r  the breakdown products o f  

f ib r in o g e n .  Since a s l i g h t  amount o f  mixing occurs w i th  the 

blood o f  the limb donor dog when the blood in the perfusion  

c i r c u i t  is changed, any ancrod remaining in the blood donor 

dogs' c i r c u l a t i o n  was in a c t iv a te d  by the a d d i t io n  o f  a n t i -  

ancrod, a s p e c i f i c  a n t id o te  prepared from goat gamma g lob u l in  

(Provided by Abbott L a b o ra to r ie s ,  Chicago, USA).

The second method o f  a l t e r i n g  f ib r in o g e n  concentra t ion  

was to u t i l i s e  a supply o f  autologous canine f ib r in o g e n  from 

a separate  pool o f  donor dogs. Blood was drawn from these dogs 

in to  c i t r a t e  phosphate dextrose c o l l e c t i o n  bags and 

c e n t r i f u g e d  a t  3250 r .p .m .  f o r  5 minutes.  P u r i f i e d  f ib r inogen  

was separated from th is  plasma by the method o f  Atencis  (1965).  

The plasma was d i lu t e d  w i th  an equal volume o f  0 .09  M sodium 

c i t r a t e  and c en t r i fu g ed  f o r  10 minutes to  remove any remaining  

red blood c e l l s  or  p l a t e l e t s .  Two t h i r d s  o f  th a t  volume o f  

4 M ammonium sulphate  was added s lowly  and w i th  s t i r r i n g  to the  

p i a s m a - c i t r a t e  mixture to p r e c i p i t a t e  the f i b r in o g e n .  A f t e r  

c e n t r i f u g a t i o n  a t  4°C, the c le a r  supernatant was discarded and 

the p r e c i p i t a t e  washed three  times w i th  1 M ammonium sulphate  

s o lu t io n .  The p r e c i p i t a t e  was then red isso lved  in a volume o f

0 .005  M sodium c i t r a t e  equal to  the o r i g i n a l  volume o f  plasma 

and the f ib r in o g e n  again p r e c i p i t a t e d  by the a d d i t io n  o f  one 

t h i r d  t h a t  volume o f  4 M ammonium su lphate .  This  p r e c i p i t a t e  

was washed twice w i th  1 M ammonium s u lp h a te ,  and,  a f t e r  the  

f i n a l  c e n t r i f u g a t i o n ,  was s tored a t  4°C f o r  a period o f  from
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3“ 12 hours and then c e n t r i fu g e d  to remove any cold -  

in s o lu b le  m a t e r i a l .

Up to  1 gram o f  t h i s  p u r i f i e d  f ib r in o g e n  was added 

to normal blood In each o f  four  perfusion experiments.  

A l t e r a t i o n  in Temperature

The temperature o f  the t e s t  blood could be a l t e r e d  

simply by a p p ro p r ia te  adjustment o f  the temperature o f  the  

water  bath used f o r  s to r in g  the blood. The water  from th is  

bath a lso  c i r c u l a t e d  through the water j a c k e t  o f  the r e s e r v o i r /  

oxygenator ,  and the heated pad on which the is o la te d  limb lay .  

Plasma S u b s t i tu te s

Suspensions o f  red c e l l s  in s a l in e  or  Dextran were 

prepared by simply resuspending the packed c e l l s  in the  

a p p ro p r ia t e  s o lu t i o n .  Obviously a c e r t a in  amount o f  

' t ra p p e d '  plasma remains but th is  volume is s m al l ,  and at tempts  

to remove i t  by washing the red c e l l s  were considered  

un des irab le  in view o f  possib le  damage to red c e l l s .

IN VITRO MEASUREMENTS

Measurement o f  Plasma Prote ins

Plasma p ro te in s  were measured by the b i u r e t  method, a 

s im ple ,  q u a n t i t a t i v e  c o lo u r im e t r i c  procedure which has been 

in use f o r  a number o f  years .  (K ings ley ,  1942).  Copper in the  

b i u r e t  reagent reac ts  w i th  the peptide  bonds o f  serum pro te ins  

to form a purp le  co lour  w i th  an absorpt ion maximum a t  545 Bm. 

The co lour  is p ro p o r t io n a l  to  the t o t a l  p ro te in  concentra t ion  

in plasma.
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Measurement o f  Plasma Fibrinogen

Plasma f ib r in o g e n  was measured by an immunodiffusion  

technique  using commercial ly prepared agar p la te s  in which 

a s p e c i f i c  f ib r in o g e n  p r e c i p i t a t i n g  a n t i  serum is  present in 

uniform concentra t ion  (M -Par t igen ,  immunodiffusion p l a t e s ,

Hoechst Pharmaceut ica ls ,  Sa l isbury  Road, Hounslow, Middlesex,

UK). When a p ro te in  antigen in s o lu t io n  ( i . e .  the f ib r in o g e n  

in the sample to be measured) is app l ied  to a c y l i n d r i c a l  

a p p l i c a t i o n  w e l l ,  i t  d i f fu s e s  r a d i a l l y  in to  the t h in  f i l m  o f  

agargel  and combines w i th  the ant i  serum forming a v i s i b l e  

r ing  o f  p r e c i p i t i n .  The f ib r inoge n  c o ncentra t ion  is propor t iona l  

to the volume o f  the p r e c i p i t i n  c y l in d e r  when d i f f u s i o n  ceases,

i . e .  when a l l  the a v a i l a b l e  f ib r inogen  has combined w i th  

ant ibody .  Since the thickness o f  the gel is constant the area  

o f  the d i f f u s i o n  r ing  is proport iona l  to f ib r in o g e n  concentra t ion  

in p r a c t i c e  the p la tes  were c a l ib r a t e d  w i th  standard f ib r in o g en  

s o lu t i o n ,  and each sample was measured tw ic e ,  using three  

d i f f e r e n t  d i l u t i o n s  each t ime.  The mean o f  the values was taken 

as the f ib r in o g e n  concentra t ion .

Haematocri t

Haematocri t  was measured by the microhaematocr i t  technique,  

no c o r r e c t io n  being a pp l ied  fo r  plasma t ra p p in g .

Measurement o f  Blood V is c o s i t y  in V i t r o

Over the years very many types o f  v iscometer  have been used,  

but only a few are  s u i t a b le  fo r  the measurement o f  whole blood 

v is c o s i t y .  Since blood is non Newtonian i t  is e s s e n t ia l  tha t  

v is c o s i t y  is measured a t  several  d i f f e r e n t ,  known, shear r a te s ,  

and t h a t  measurements can be made on reasonably small samples.

I t  is a ls o  d e s i r a b le  th a t  the temperature o f  the sample be
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mainta ined a t  37°C.

Of the instruments in use,  the s implest and leas t  

expensive is the tube o r  c a p i l l a r y  v iscometer ,  in which the 

ra te  o f  f low through a tube o f  known dimensions, a t  a given  

pressure d i f f e r e n c e ,  is measured. U n t i l  re c e n t ly  by f a r  the 

most w id e ly  used instrument f o r  the measurement o f  blood or  

plasma v is c o s i t y  has been the Ostwald viscometer or  v a r ia t io n s  

o f  i t  (F igure  12) .  This is a type o f  c a p i l l a r y  viscometer in 

which the t ime taken f o r  a meniscus o f  t e s t  f l u i d  to f low  

from a r e s e r v o i r  in to  a c a p i l l a r y  tube is noted.  This can 

e i t h e r  be done w i th  the e f f e c t  o f  atmospheric pressure o n ly ,  

or  the device can be "p ress ur is ed"  by apply ing  a known pressure  

as a d r iv in g  fo rce .  I f  the  dimensions o f  the tubing are  known 

p r e c is e ly  the v is c o s i t y  o f  a Newtonian f l u i d  can be 

c a lc u la t e d  from P o i s e u i l i e ' s  equat ion

A P J L É il 
8 Jg Q

This ignores the e f f e c t  o f  pressure losses due to i n l e t  

and o u t l e t  changes f o r  which co r re c t io n s  would need to be 

ap p l ied  to obta in  s t r i c t  accuracy.  In p r a c t ic e  such 

viscometers are  c a l i b r a t e d  by measuring,  a t  a p a r t i c u l a r  

pressure  d i f f e r e n c e ,  the f low  r a te  o f  a Newtonian f l u i d  o f  known 

v is c o s i t y  such as w a te r ,  and comparing to  i t  the f low ra te  o f  the  

t e s t  substance a t  the  same pressure d i f f e r e n c e .  Entrance and 

e x i t  e f f e c t s  are  assumed to be the same.

C a p i l l a r y  viscometers a re  very  s u i t a b l e  f o r  use w i th  

Newtonian f l u i d s ,  where v is c o s i t y  is independent o f  shear ra te  

and thus the ra te  o f  shear a t  which the measurement is made is 

unimportant .  They have the a d d i t io n a l  advantages o f  being
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inexpens ive ,  easy to  o p e ra te ,  use small samples o f  t e s t  

f l u i d ,  and g ive  reproducib le  r e s u l t s .  However, they are  not 

s u i t a b l e  f o r  use a t  low shear ra tes  and they sub jec t  the  

samples being measured to a vary ing shear ra te  across the  

diameter  o f  the tube (s ince shear ra te  is maximal a t  the centre  

o f  the stream but zero a t  the w a l l ) .  A ls o ,  very  f i n e  c a p i l l a r i e s  

have o f t e n  been used since w i th  a small tube radius s tream l ine  

f low is ensured and a s u b stan t ia l  pressure drop occurs.  I f  the  

diamete r  o f  the c a p i l l a r y  however is less than about 300 microns 

the v is c o s i t y  o f  blood is a r t i f i c i a l l y  reduced ( the  Fahraeus 

L in d q v is t  e f f e c t )  and diminishes w i th  decreasing tube s i z e .  Thus 

c a p i l l a r y  viscometers are not w e l l  su i ted  to the measurement 

o f  whole blood v is c o s i t y  but are reasonably s u i t a b l e  fo r  

Newtonian f l u i d s  such as plasma.

The second main type o f  viscometer in use depends on 

measuring the res is tance  o f  the f l u i d  to  a body moving through 

i t .  The best known o f  these are the var ious  types o f  f a l l i n g  

b a l l  v iscom eter ,  but numerous o ther  ingenious devices have 

been descr ibed using,  fo r  instance,  a v i b r a t i n g  reed.  The 

disadvantage which d i s q u a l i f i e s  these f o r  use in measuring 

blood v i s c o s i t y  is the d i f f i c u l t y  in knowing, and c o n t r o l l i n g ,  

the shear r a te  being a p p l ie d .

For the past few years i t  has been accepted t h a t  the  

r o t a t i o n a l  viscometers are the most su i ted  to  the measurement 

o f  blood v is c o s i t y .  The p r i n c i p l e  is t h a t  the t e s t  f l u i d  is 

sheared between two c o n c e n t r ic ,  o r  more p r e c i s e l y  c o -a x ia l  

c y l i n d e r s ,  one o f  which ro ta te s ;  o r  between a shal low cone 

r o t a t i n g  in a f i x e d  cup, or  s l i g h t l y  sha l low er  cone. The
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viscous p ro p er t ies  o f  the f l u i d  are  c a lc u la t e d  from the torque  

developed between the two components. The c o -a x ia l  c y l in d e r  

type o f  v iscometer ,  sometimes r e fe r r e d  to as a Couette  

v iscometer ,  a f t e r  i t s  in v e n to r ,  a l lows a reasonable  

approximation to constant  shear r a t e s ,  i f  the gap between the 

c y l in d e r s  is smal l .  For a Newtonian f l u i d  v is c o s i t y ,

K M

" " V

where M is the measured torque ,  and V the angular  v e l o c i t y  

o f  the r o t a t in g  outer  c y l i n d e r .  The constant K is re la te d  to  

the radius o f  the c y l in d e rs  and the depth to  which the inner  

c y l i n d e r  is immersed in the l i q u i d .

The cone in p la t e  v iscometer is a m o d i f ic a t io n  o f  th is  

p r i n c i p l e .  The c y l in d e rs  are  replaced by a p la t e  -  or f l a t  

bottomed cup -  in which the sample is placed and suspended in 

i t  is a wide angled cone. The cone is u s u a l ly  truncated ( i . e .  

the t i p  Is cut o f f ) ,  and the bottom o f  the cone almost touches 

the p l a t e .  Provided an almost f l a t  cone is used the r a te  of  

shear across the sample Is v i r t u a l l y  constant because, in 

moving f u r t h e r  away from the cen t re  o f  the cone,  the increasing  

a ngu la r  v e l o c i t y  is compensated f o r  by the increasing depth o f  

the sample being sheared.

There are  many more complex -  and expensive -  instruments  

designed to  t e s t  the behaviour o f  v i s c o - e l a s t i c  substances,  in 

which the lower c y l i n d e r ,  cone or  p l a t e  o s c i l l a t e s  and the  

curve r e g is t e r i n g  the torque in the o th er  component is analysed
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These are  ou tw i th  the scope o f  th is  t h e s is .

The instrument used in the experiments described here is 

the W e i1 s -B ro o k f le ld  microviscometer .  This is a m o d i f ic a t io n  

of  an i n d u s t r i a l  v iscometer  (B ro o kf ie ld  S y n c h r o -e le c t r ic  

Viscometer ,  B ro o k f ie ld  Engineering L a b o ra to r ies ,  Stoughton,

Mass. USA) and is o f  the cone-p la te  type.

The f l a t  cone can be ro ta ted  a t  d i f f e r e n t  speeds upon the  

f i x e d  p l a t e ,  thereby  shearing  the te s t  blood a t  d i f f e r e n t  

p r e -s e le c t e d  rates o f  shear.  The r e s u l ta n t  torque is a 

fu n c t io n  o f  the shear s t re ss  In the blood. The shear r a t e  can 

be c a lc u la t e d  s ince  the dimensions o f  the cone and the speed 

o f  r o t a t i o n  are  known. I t  is th e re fo re  possib le  to o b ta in  a 

ser ies  o f  measurements o f  shear s t ress  a t  d i f f e r e n t  shear ra tes

and s ince v is c o s i t y  is the r a t i o  o f  shear s t ress  to shear r a t e ,

v is c o s i t y  a t  d i f f e r e n t  shear ra te s .

In t h is  p a r t i c u l a r  instrument (F ig  13) torque Is measured 

by a c a l i b r a t e d  b e r y l l i u m  copper spring mounted in the d r iv e  

s h a f t .  Attached to the spring is a p o in te r  which Is shaped to  

in d ic a te  on a d i a l ,  the d ia l  r o t a t in g  in phase w i th  the d r iv e  

s h a f t , s o  th a t  the d e f l e c t i o n  on the d ia l  increases l i n e a r l y  w i th  

torque a p p l ie d  to  the spr in g .  The speed o f  r o t a t i o n ,  and hence 

the shear r a t e .  Is se le c te d  by a simple c lu tch  and reduct ion  

gear a t tached to the synchronous motor which powers the d r iv e  

s h a f t .  The speeds o f  r o t a t io n  used in our experiments were*
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Revolutions per Shear Rate Correct ion  Factor
mi nute  (Sec~^ ) to  d ia l  reading

60 230 X 0.1

30 115 X 0 . 2

12 46 X 0 . 5

6 23 X 1

3 11 .5 X 2

1 .5 5 . 7 5 X 4

The instrument is so c a l i b r a t e d  th a t  the d i a l ,  which is

graduated from 0 -100 ,  reads d i r e c t l y  in c e n t ip o is e  a t  a spindle
—* ^

speed o f  6 r .p .m .  corresponding to a shear r a te  o f  23 sec 

For the  o ther  speeds an a r i t h m e t ic  conversion f a c t o r  is required .  

I t  fo l lows  th a t  a t  rapid shear rates the percentage e r r o r  is 

less .  The manufacturer claims an accuracy a t  any ro ta t io n a l  

speed o f  w i t h i n  1% o f  f u l l  sca le  d e f l e c t i o n .

The s ta t io n a r y  p la t e  is a metal cup, surrounded by a water  

j a c k e t  through which water  is pumped from a water  bath to  

m ainta in  the sample a t  a chosen temperature .  This  u n i t  is 

a t tached to  a heavy aluminium c y l in d e r  p r o je c t in g  down from the  

motor housing,  surrounding the d r iv e  s h a f t  to the leve l  o f  the  

cone. The cup device is held in place  by a spr ing c l i p .  A 

threaded a d ju s t in g  r ing provides the means o f  r a is in g  or lowering  

the cup r e l a t i v e  to the cone,  the optimum adjustment being when 

the cone j u s t  c le ars  the p l a t e .

The volume o f  blood sample requ ired  f o r  the  instrument is  

1 cc but a s l i g h t  excess does not in troduce  an e r r o r ,  since  

i t  f lows on top o f  the cone and does not a f f e c t  the t ransm it ted  

torque.
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The instrument is r e l a t i v e l y  inexpensive and simple

to use. I t  overcomes the disadvantages o f  the c a p i l l a r y

viscometer in t h a t  i t  a l lows e st im at ion  o f  blood v is c o s i t y

a t  a range o f  shear r a t e s ,  w h i le  avoiding the expense and

complexity o f  the more s p e c ia l is e d  instruments.  I t  is not

designed to es t im ate  blood v is c o s i t y  a t  very low shear rates
-1

but is reasonably accura te  down to a shear ra te  o f  5*75 sec
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CHAPTER SIX

RESULTS

Data from 30 separate  limb perfusion models are  summarised 

in t h i s  s e c t io n .  The pressure f low data from the experiments  

are shown in the appendix.

The r e s u l ts  o f  two exper iments,  Nos. 6 and 7 are  shown 

i n d i v i d u a l l y  (Figures & 15) as i l l u s t r a t i v e  o f  the s e r i e s .

At each increment on the p re ss ure / f low  curve ,  the per fus ion  

pressure (mm Hg) A P, (mean a r t e r i a l  pressure -  mean venous 

pressure) is d iv ide d  by the f low ra te  (cc per m in u te ) ,  Q., to  

give an a r b i t r a r y  value  f o r  res is ta n ce ,  R.

R= ^
Q

This is done f o r  each o f  the bloods perfused and f o r  Dextran.

This v a lu e ,  R, is then p lo t te d  against perfus ion pressure to show the 

r e la t i o n s h i p  between res is ta nce  and perfus ion pressure.  I t  

appears t h a t  the re s is ta n ce  (R) is v i r t u a l l y  independent o f  

pressure f o r  blood o f  low haematocrit  but as haematocr i t  increases  

there  is a p rogress ive  d e v ia t io n  from l i n e a r i t y  a t  low perfus ion  

pressures.  I n e v i t a b l y  In a preparat ion  o f  t h i s  k ind there  Is 

v a r i a t i o n  from experiment to experiment but in each model the  

same p a t te rn  was observed.

Method o f  C a lc u la t io n

Although the limbs used in the experiment were approximate ly  

the same s i z e ,  In o rder  to  compare data from one experiment w i th  

another  some form o f  norm al isa t ion  Is requ ired .  Since each limb 

was perfused under the same condi t ions  w i th  Dextran 40/10% N 

S a l i n e ,  by d i v id i n g  each value o f  res is tance  f o r  t e s t  blood by
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the corresponding va lue  o f  res is tance  f o r  Dextran,  a "normal ised"  

re s is ta n ce  is o b ta ine d .  In p r a c t ic e  the Dextran perfus ions were 

done f a i r l y  r a p id ly  to  minimise the length o f  t ime the limb was 

ischaemic,  and perhaps because o f  th is  the re s is tance  values  

obta ined f o r  Dextran were more sca t tered  a t  the lowest per fus ion  

pressures.  To a l lo w  f o r  t h i s  a 'Dextran '  va lue f o r  each 

experiment was obta ined by tak ing  the mean o f  the res is ta nce  

values f o r  Dextran a t  per fus ion  pressure g r e a t e r  than 30 mm Hg. 

This value  ranged from 0 .4  to 0 .5 .  For each experiment each 

res is tan ce  va lue  f o r  blood was expressed as a percentage o f  t h is  

Dextran value thus making the re s u l ts  comparable from experiment  

to exper iment .  This method, however, assumes t h a t  the  

res is ta nce  o f  Dextran is constant .  Although Dextran is 

e f f e c t i v e l y  Newtonian in v i t r o  ( t h a t  i s ,  i t s  v is c o s i t y  is 

independent o f  shear r a te  in a v iscom eter ) ,  the re s is tance  as 

measured in the limb per fus ion model tended to  r i s e  s l i g h t l y  a t  

both the lowest and h ighest perfusion pressures.  This trend was 

observed in almost a l l  o f  the experiments ,  and presumably 

represents  a c h a r a c t e r i s t i c  o f  the limb i t s e l f  -  such as 

d i s t e n s Î b i 1i t y  o f  the a r t e r i e s  -  r a th e r  than a property  o f  

Dextran.  Support f o r  t h i s  view is provided by the f a c t  th a t  

s i m i l a r  behaviour is shown by blood o f  haematocr it  less than 20.

The magnitude o f  t h is  v a r i a t i o n  was assessed by expressing  

each o f  the Dextran values as a percentage o f  the mean f o r  û P 

g re a t e r  than 30 mm Hg f o r  th a t  experiment.  These values f o r  a l l  

the experiments were then p lo t te d  aga ins t  per fus ion pressure.

When the re s u l ts  are  grouped according to  per fus ion  pressure  

(F igure  16) i t  is seem t h a t  the values a t  the lowest (A) and the
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highest (H) end o f  the range o f  per fus ion  pressure are  higher  

than the middle (D ,E ,F)  and th a t  the lowest per fus ion pressure 

y ie ld s  a h igher  re s is tance  than the h ig h e s t .  Although the  

v a r i a t i o n  o f  res is tance  w i th  perfus ion  pressure f o r  Dextran is  

small when compared to t h a t  o f  blood o f  normal h aem atocr i t ,  the  

d i f fe r e n c e s  between the res is ta n ce  a t  both the  lowest perfusion  

pressure and the h ighest  perfus ion pressure a re  s t a t i s t i c a l l y  

d i f f e r e n t  from the mid range o f  per fus ion  pressures (F igure  16) .  

Because o f  th is  the rec iproca l  values o f  the mean a t  each 

per fus io n  range were used as c o r re c t io n  f a c to r s  and appl ied  to

the normalised res is tance  values.  Thus in each experiment the

value  o f  res is tance  fo r  blood was expressed as a percentage o f  

the mean o f  the res is tance  values f o r  Dextran a t  perfus ion  

pressures g re a te r  than 30 mm o f  Mercury f o r  t h a t  ind iv idua l  

exper iment .  These percentage values were then corrected by the 

c o r r e c t io n  fa c to rs  der ived above. The c o r r e c t io n  values are:

Perfusion Pressure Correct ion  Factor
( P) mm Hg ____________________

0 - 1 0  . 83

11 -  20  . 8 9

21 -  40 .99

41 -  60 1.04

61 -  80 1.04

81 -  100  1 , 0 2

10. 1  -  120  . 9 8

120  . 9 6
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F i n a l l y  f o r  each blood perfus ion in each experiment  

the co r rec te d  normalised values fo r  re s is tance  were p lo t te d  

aga ins t  /X  P and t h is  graph used to obta in  values a t  standard  

increments o f  A  P to a l lo w  comparison o f  res is tance  a t  the  

same A  P f o r  d i f f e r e n t  experiments.

An a l t e r n a t i v e ,  and very much s impler  method o f  c a lc u l a t io n  

would be to p l o t  in each experiment the value  o f  R f o r  the t e s t  

blood and f o r  the Dextran aga ins t  A  P and take a r a t i o  o f  one to  

the o t h e r ,  expressed as a percentage.  This would have y ie ld e d  

very s i m i l a r  re s u l ts  in the experiments where a Dextran curve  

could e a s i l y  be drawn, but in several o f  the experiments a t  the  

lowest per fus io n  pressures the Dextran r e s u l ts  were r a th e r  

sc a t te re d  making the drawing o f  such a l i n e  u n s a t i s f a c t o r y ,  hence the  

adoption o f  the somewhat cumbersome method descr ibed above.  

Reproduci b i l i t y

The d u ra t io n  o f  these experiments a f t e r  i s o la t i o n  o f  the  

l imb was between two and three  hours. During t h is  t ime the limb 

was perfused v ia  the cannulae e i t h e r  by the limb donor dog, o r  by' 

the per fus ion  c i r c u i t .  During the development o f  the per fus ion  

apparatus i t  was e s t a b l is h e d  th a t  continuous per fus ion  o f  the  

limb y ie ld e d  a steady va lue  fo r  re s is ta n ce ,  a t  a constant f low  

r a t e ,  f o r  over th ree  hours.  However, since i t  was the in t e n t io n  

to a l t e r n a t e  the l im b 's  c i r c u l a t i o n  between the per fus ion  

apparatus and the l imb donor dog so th a t  the t e s t  blood might be 

changed, two p r e l im in a r y  experiments were performed in each o f  

which the same blood,  haematocr i t  48 and 38 r e s p e c t i v e l y ,  was 

perfused fo u r  times in succession,  the limb donor dog being  

connected to the l imb f o r  10 minutes between each p e r fu s io n .
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As Dextran was not used the values obtained are  not included  

in the  f i n a l  r e s u l t s ,  but serve to i l l u s t r a t e  the  

r e p r o d u c i b i l i t y  o f  the method o f  ob ta in ing  the p re ss u re / f lo w  

curve (F igures  17 and 18) .  On the l i n e a r  p a r t  o f  the graph 

the re s u l ts  are  v i r t u a l l y  i d e n t i c a l ,  w i th  as expected,  more 

v a r i a t i o n  a t  the lowest perfusion pressures.  However, even a t  

the low f low  rates the curves obtained are  acceptab ly  c lose .

EFFECT OF HAEMATOCRIT ON VISCOSITY AND RESISTANCE 

V i s c o s i t y  in V i t r o  (W e l Is -B ro o k f le ld  Viscometer)

Other  than a t  very low shear ra tes  v is c o s i t y  in v i t r o  is
-1

determined la r g e ly  by haematocr i t .  The r e l a t i o n s h i p  a t  230 sec

is shown below (F igure  19) .  This is c l e a r l y  non l i n e a r ,  but

when log v is c o s i t y  is s u b st i tu ted  a reasonable l i n e a r

r e la t i o n s h i p  appears (F igure  2 0 ) ,  the c o e f f i c i e n t  o f  c o r r e l a t i o n

being 0 .9 7 .  As shear ra te  is reduced v i s c o s i t y  increases ,  th is

e f f e c t  increas ing w i th  increasing haematocr i t  ( i n s e t  Figures 14

and 15) .  Since plasma and blood o f  low haematocr i t  are  l i t t l e

a f f e c t e d  by shear r a t e ,  as shear ra te  is reduced the slope o f  the

log v is c o s i t y /h a e m a t o c r i t  regression l i n e  increases but the

in t e r c e p t  remains approximate ly  constant .  Thus a t  11.5 sec the

slope is 0 .0178  (F igure  21) compared w i th  0 .0113 a t  230 sec  ̂ and

0.0201 a t  5 .7 5  sec  ̂ (F igure  2 2 ) .  The l i n e a r  r e l a t i o n s h i p  between

“ 1log v is c o s i t y  and haematocri t  is maintained a t  11.5  sec and

5 .7 5  sec  ̂ the  c o e f f i c i e n t s  o f  c o r r e l a t i o n  being 0 .96  and 0 .95  

r e s p e c t iv e ly .

Vascular  Resistance (Limb perfus ion model)

With  any p a r t i c u l a r  blood sample re s is ta n c e  tended to  be 

constant w i th  per fus ion  pressures g re a t e r  than about 80 mm Hg, 

re s is ta n ce  increas ing  as perfus ion  pressure f e l l  below t h i s  l e v e l .
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As w i th  the r e la t io n s h ip  between v is c o s i t y  and shear ra te  th is  

e f f e c t  was minimal when haematocri t  was less than 20 or so but 

increased considerably  w i th  increasing haematocr i t  t h e r e a f t e r .

At P > 80 mm Hg res is tance  increased w i th  increas ing  haematocri t  

(F igure  2 3 ) .  Between haematocri t  30 and haematocr i t  70 th is  

r e l a t i o n s h i p  appears l i n e a r  but the increase o f  re s is tan ce  w i th  

haematocr i t  is considerably  less than th a t  o f  v is c o s i t y  w i th  

ha em atocr i t .  (F igure  19) .  From haematocri t  30 to  haematocri t  

70 re s is ta n ce  in a r b i t r a r y  u n i ts  increases from 83 to  128 

(F igure  2 3 ) ,  j u s t  over 50%, w h i le  the corresponding f i g u r e s ,  in 

c e n t ip o is e ,  f o r  v is c o s i t y  a t  230 sec  ̂ (F igure  19) are  2 .44  and 

7 .1 8 ,  an increase  o f  n ear ly  200%. At the lowest perfus ion  

pressures however, the slope is considerably  s teeper  (Figures  

24 and 2 5 ) .  The corresponding increases in re s is ta n ce  from 

haematocr i t  30 to haematocr it  70 a t  P=10 mm Hg and

P = 5 mm Hg being from 121 to  339 and from 138 to  417,  increases  

o f  180% and 2D0% re s p e c t iv e ly .  In making these c a lc u la t io n s  

the l i n e a r  regression a t  each per fus ion  pressure o f  log 

re s is tance  aga ins t  haematocr it  was drawn. The va lue  o f  the  

equat ions are  shown in Figure 26 ,  each c o e f f i c i e n t  o f  

c o r r e l a t i o n  exceeding 0 .8 .  Values der ived  from s i m i l a r  regression  

l in e s  o f  log v is c o s i t y  versus haematocr i t  (F igures  20 ,  21 and 22) 

f o r  values o f  haematocr it  30 -  70 and shear r a t e  230 ,  11.5 and

5 .75  are  shown in Table 3* I t  is seen th a t  both re s is ta n c e  and 

v is c o s i t y  r i s e  considerably  as shear r a te  o r  per fus ion  pressure  

(o r  f low r a te )  approaches ze ro ,  and as haem atocr i t  r i s e s .  The

Note t h a t  the un i ts  f o r  vascu lar  re s is ta n c e  a re  in a r b i t r a r y  
'p e rcen tage '  values whereas the in v i t r o  v is c o s i t y  graphs 
are  in c e n t ip o is e .
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FIG 24; The re la t io n s h ip  between resistance ( a r b i t r a r y  u n i ts )  
and haem atocrit ,  A** =• 10 mmHg. Experiments 1-13
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FIG 25: The re la t io n s h ip  between resistance ( a r b i t r a r y  u n i ts )
and haem atocrit ,  AP = 5 mmHg. Experiments 1-13
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increase in v is c o s i t y  w i th  haematocri t  is however considerably  

g r e a t e r  in v i t r o  than in v ivo .

When the re s u l ts  o f  these t h i r t e e n  experiments are  grouped 

according to haem atocr i t ,  v is c o s i t y  can be p l o t t e d  against  shear  

r a t e ,  and re s is tance  against  perfus ion pressure (F igures 27 and 

2 8 ) .  Since these represent the r e s u l ts  o f  d i f f e r e n t  exper iments,  

the standard dev ia t ions  are  large  but the same trend is shown 

by the in d iv id u a l  experiments.  I t  is c l e a r  th a t  res is tance  is 

cons iderab ly  less a f f e c t e d  by haematocr it  than v i s c o s i t y ,  and that  

the shape o f  the v is c o s i t y /s h e a r  r a te  and re s is ta n c e /p e r fu s io n  

pressure curves are  determined by haem atocr i t .  At  the lower 

haematocri  t s , Group A, these arealmost f l a t  w h i le  a t  the higher  

v a lu e s ,  Group F, the asymptotic  values a re  not q u i te  reached at  

the h ighest  shear rates and perfus ion pressures shown.

C o r r e la t io n  between V is c o s i t y  and Resistance

I t  is e v iden t  from the preceding f i g u r e s ,  e .g .  Figures 27

and 28 ,  t h a t  there is a strong c o r r e l a t i o n  between v is c o s i t y  as

measured w i th  the W e i Is -B ro o k f îe ld  Viscometer in v i t r o  and

r e s is ta n ce  as measured in the canine hind l imb p re p ara t io n .

F igure  42 shows the c o r r e l a t i o n  a t  shear r a t e  230 sec  ̂ and

A  P ^  80 mm Hg, w h i le  Figure 43 shows the c o r r e l a t i o n  a t  shear 
- 1  .

r a te  11.5 sec and P = 10 mm Hg. Not s u r p r is i n g l y  the 

s c a t t e r  o f  r e s u l ts  is w ider  a t  the lower shear r a te  and perfusion  

pressure.  However the c o e f f i c i e n t  o f  c o r r e l a t i o n  are  0 .88  and 

0 .82  r e s p e c t i v e ly .
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FIG 27: The re la t io n s h ip  between v is c o s i ty ,  shear r a te  and haem atocri t ,  Experiments 1-13 ,
W e iIs -B ro ok f ie ld  Viscometer. The small numbers represent one standard d e v ia t io n .
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h a e m a to c r i t ,  Experiments 1 -1 3 ,  Limb perfusion  model. The small numbers 
represent one standard d e v ia t io n .
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EFFECT OF DEFIBRINATION WITH ANCROD

E ight  prepara t ions  were perfused w i th  blood taken from dogs 

d e f i b r i n a t e d  by p re - t re a tm en t  w i th  ancrod. Any ancrod remaining  

in the blood was n e u t ra l is e d  by the a d d i t io n  o f  a n t i -a n c ro d  

so t h a t  any s l i g h t  mixing w i th  the limb donor dog's normal blood 

did not r e s u l t  in the formation o f  in s o lu b le  f ib r in o g e n  breakdown 

products ,  which in an i n t a c t  animal would be c le a red  by the 

r e t i c u l o - e n d o t h e l i a l  system. In o ther  respects the experimental  

procedure was the same as f o r  the experiments w i th  normal blood 

described above.

The r e s u l ts  o f  e ig h t  such experiments (Nos. 1 4 ,1 5 ,1 6 ,1 7 ,  

18 , 13 , 2 0 , 21 ) are shown here.  The same method o f  c a lc u la t io n  

was used as in the previous sec t io n .

E f f e c t  o f  Haematocrit

As w i th  normal blood, v is c o s i t y  and re s is ta n c e  c o r re la te d  

w ith  each o t h e r ,  increased w i th  haem a to cr i t ,  and increased a t  

low shear ra te  and perfus ion pressures.  The behaviour o f  the  

d e f i b r i n a t e d  blood,  which in a l l  cases had undetectab le  leve ls  o f  

f i b r i n o g e n ,  was very s im i l a r  to th a t  o f  normal blood but both 

v is c o s i t y  and res is tance  were s l i g h t l y  h ig h e r .  Figures 29 and 30 

show the r e la t io n s h ip  between v is c o s i t y  and haematocr i t  a t  shear  

ra te  230 sec ^ , and re s is tance  and haematocr i t  a t  A  P > 8 0  mm Hg

r e s p e c t i v e ly .  Figures 31-34 show the  same r e la t io n s h ip s  a t  shear

“ 1 -1
rates 11 .5  sec and 5 .75  sec , and per fus ion  pressures 10 mm Hg

and 5 mm Hg, As w i th  the normal blood when log v i s c o s i t y  and log 

re s is ta n ce  are  p lo t te d  aga ins t  haem ato c r i t ,  reasonably l i n e a r  

r e la t io n s h ip s  r e s u l t .  The values o f  the i n t e r c e p t ,  a ,  s lo pe ,  b,  

and c o e f f i c i e n t  o f  c o r r e l a t i o n ,  r ,  f o r  the normal and ancrod 

t r e a te d  blood a re  shown in Table $ and F igure  22.  The grad ients
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FIG 3 1 : The re la t ionship  between v iscos ity  and haematocrit
(de f ib r ina ted  blood) at shear ra te  11.5  sec’ l
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FIG 32: The r e l a t i o n s h i p  between v i s c o s i t y  and haematocri t

( d e f i b r i n a t e d  blood) a t  shear r a t e  5 .7 5  sec“ l
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o f  the ancrod l ines  are  p e r s i s t e n t l y  s l i g h t l y  s teeper  than those 

o f  normal blood, al though i n d i v i d u a l l y  when compared by 

m u l t i l i n e a r  regression a n a ly s is ,  the d i f fe r e n c e s  f a l l  short  o f  

s t a t i s t i c a l  s ig n i f i c a n c e .  (F ig  3 5 . )

R e la t io n sh ip  o f  Fibrinogen to V is c o s i t y  and Resistance

In the experiments using normal canine b lood,  f ib r in o g e n

was measured r o u t i n e l y .  In o rder  to  u t i l i s e  t h is  in formation

to compare the e f f e c t  o f  f ib r in o g e n  on v i s c o s i t y  and res is tance

i t  was necessary to ' c o r r e c t '  the values to  a standard haematocri t

In t h i s  sect ion  the regression l in e s  f o r  v i s c o s i t y  and res is tance

a t  each shear ra te  and per fus ion  pressure re s p e c t iv e ly  are  used

to ' c o r r e c t '  the v is c o s i t y  and res is tan ce  values to  haematocri t

4 5 . I f  f ib r in o g e n  exer ted  a large  e f f e c t  in increasing v is c o s i t y

one would expect a strong p o s i t i v e  c o r r e l a t i o n  between f ib r inogen

and v i s c o s i t y ,  and f ib r in o g e n  and r e s is ta n c e .  In f a c t  t h is  does

not happen. Figures 36 and 37 show no s i g n i f i c a n t  c o r r e l a t i o n
-1

between e i t h e r  v is c o s i t y  a t  230 sec or re s is tan ce  a t  

A  P 1= 80 mm Hg and f ib r in o g e n  c o n ce n tra t io n .  Again a t  shear  

ra te  11.5 sec  ̂ (F igure  38) and per fus ion pressure A  P= 10 mm Hg 

(F igure  39) there  is l i t t l e ,  i f  any,  c o r r e l a t i o n  between v is c o s i t y  

and f ib r in o g e n  concentra t ion  o r  re s is ta n ce  and f ib r in o g e n  

co nce ntra t ion .

A dd i t ion  o f  canine f ib r in o g e n  to normal blood

In fo ur  experiments (experiments 22 -25 )  p u r i f i e d  autologous  

canine f ib r in o g e n  was added in increments to  the blood being 

perfused, in otherwise  i d e n t ic a l  experiments to  those a l ready  

descr ibed.  During the a d d i t io n  o f  f ib r i n o g e n ,  the t e s t  blood was



122

Log Resistance 
2.8

2.6

2.5

2.3

2.2

2.0

Log resistance v Hct {Limb Perfusion Model)
1.8

5.75 sec
1.5

1.4 ► 11.5 sec

1.3

)230 sec
1.0
0.9

0.8

0.7

0.6

0.5

0.4

Log Viscosity v Hct W/elis-Brookfiekl
Viscometer)

Normal

Ancrod treated0.3

0.2

Hct
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(lower diagram) and log resistance v haematocrit 
(upper diagram) for normal and ancrod treated blood
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perfused a t  a constant /^  P o f  approximate ly  60 mm Hg, w h i le  the

f ib r in o g e n  mixed, and then perfused a t  d i f f e r e n t  pressures to

o b ta in  a p re ss u re / f lo w  curve ,  as in the previous exper iments.  I t  was

observed th a t  the perfus ion  pressure and f low r a te  did not a l t e r

s i g n i f i c a n t l y  as the f ib r in o g e n  was added, in d ic a t in g  th a t  a t

constant perfus ion pressure res is tance  remained un a l te re d .

However, when the r e s u l ts  from the p re s s u re / f lo w  curves are

correc ted  to haematocri t  45 and p lo t te d  a g a in s t  f i b r in o g e n ,  in

the same way as f o r  'normal '  blood,  there  is a p o s i t i v e
-1

c o r r e l a t i o n  between v is c o s i t y  a t  230 sec and f ib r in o g e n

concentra t ion  (F igure  4 0 ) .  The slope (0 .00 2 2 )  however is not

steep (note th a t  Figure 40 shows v is c o s i t y , n o t  log v is c o s i t y ,

versus f ib r in o g e n )  and the c o r r e l a t i o n  ( 0 . 70 ) is not p a r t i c u l a r l y

strong.  Indeed th is  r e la t i o n s h i p  may be co in c id e n ta l  since fo r
-1

the same experiments a t  shear ra te  11.5 sec there  is no 

c o r r e l a t i o n  a t  a l l  (F igure  4 l )  between v is c o s i t y  and f ib r in o g en  

concentra t ion  and, a t  n e i t h e r  per fus ion p re s s u re /^ P >  80 mm Hg 

or A P == 10 mm Hg is there  a s i g n i f i c a n t  c o r r e l a t i o n  between 

res is tan ce  and f ib r in o g e n  concentra t ion  (r== 0 .4 7  and r = 0 . 1 0  

respect i v e l y .)

R e la t io n sh ip  between V i s c o s i t y ,  Res is tance,  and Plasma Prote in  

Concentrat ion

The e f f e c t  o f  the t o t a l  plasma p ro te in  concentra t ion  on 

v is c o s i t y  in v i t r o  and re s is ta n ce  in v ivo  can be considered in 

a s i m i l a r  fashion to th a t  employed f o r  f ib r i n o g e n .  The same 

regression l in e s  are used to  ‘ n o rm a l is e ’ haematocr i t  to  45 ,  and 

these normalised values o f  v is c o s i t y  and re s is ta n c e  are  p lo t te d



128

S

o
ÇN

§
O

o

o
CVJ

CM

o
,#—4
CM

■S

o

11
oCM o oo CM

&

O)

S’

•JJ
c
(D

LTV
1 Csl
U 1
0)
W) CM

o (A
4-1

CM c
û)E

<D
k.

>• 0>
4-1 o.

X
«A V
O
V
lA co
>

4-4
C (D
V U
V
3 c

0)
<u u

co
a. u

.c c
«A 0)
C CA
O o

c

(D l_
X)

V
OC M-

o
-a-

CJ

u.

ITS ITN m  cr\ m  m c r \



129

to
8
to

>

or -H  
I—I t o  m  ^oo

cn

a
o
CM

g

8

-  f r \

-o
c
(D
1—
1 tn
u CM
OJ 1
in CM

CM
LO

i/ i
■M
c
Q>

4-* E
fO

>- <D
CL

— X
i/i a>
o
u
(/) c

— o
>

4-»
c m
(U i-
(U 4J
? c
+-» 0)
(D o

c
o

CL o

_c c
i/i 0)
c cn
o O

c
•M

u

Q)
DCM-
# •

-3"

CD
U_



130

200 Resistance

180

160 •

140 ■

120

# #
100

a - 52.93 
b - 10.28 
r -  0.88

Viscosity(Centipoise)

FIG 42: Correlation between resistance, *. 80 mmHg and
viscosity, shear rate*2)0 sec“1, experiments 1-13
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a g a in s t  plasma p ro te in  c oncentra t ion .  I t  is e v id e n t  th a t  there  

is no c l e a r  c o r r e l a t i o n  between whole blood v i s c o s i t y ,  or  

r e s is t a n c e ,  o f  normal blood or ancrod t re a te d  blood a t  e i t h e r  

high o r  low shear ra tes  or  perfusion pressures (F igures 4 4 - 5 1 ) .

E f f e c t  o f  Temperature

Two experiments (Exper iments.28 and 2 9 ) were c a r r i e d  out  

to show the  e f f e c t  o f  a l t e r a t i o n  in temperature on v i s c o s i t y  

and re s is ta n c e -  The procedure was tha t  o f  the previous  

exper iments except t h a t  the t e s t  blood was perfused a t  temperatures  

o f  approx im ate ly  25°C and 15°C in a d d i t io n  to  37°C. The 

temperature  o f  the c i r c u l a t i n g  blood was mainta ined by a l t e r i n g  

the temperature  o f  the water  c i r c u l a t i n g  in the water  j a c k e t  o f  

the o x y g e n a t o r / r e s e r v o i r .  As expected v is c o s i t y  and re s is ta n ce  

showed corresponding increases as temperature was reduced, both 

experiments  y i e l d i n g  very s i m i l a r  re s u l ts .  Figure  52 shows the  

e f f e c t  o f  temperature  on res is tance  in Experiment 28.

Suspensions o f  Red Blood Corpuscles in Dextran or  R inge r 's  So lu t ion  

The c h a r a c t e r i s t i c s  o f  red c e l l s  suspended in Dextran and in 

R inge r 's  s o lu t io n  were inv es t iga ted  in three  experiments (26 ,  27 

and 30 ) .  From Experiment 26 i t  can be seen th a t  (F igure  53) 

s u b s t i t u t i n g  Dextran f o r  plasma does not seem to a l t e r  the non- 

Newtonian c h a r a c t e r i s t i c s  o f  the red c e l l  suspension,  but merely  

increases i t s  v is c o s i t y  and res is ta nce .  S i m i l a r l y  the  

s u b s t i t u t i o n  o f  R inger 's  s o lu t io n  f o r  plasma (Experiments 27 and 

30) r e s u l t s  in s l i g h t l y  lower v is c o s i t y  and re s is ta n ce  but s i m i l a r  

non-Newtonian c h a r a c t e r i s t i s  (F igure  5 4 ) .
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Summary

1. V i s c o s i t y  measurements in v i t r o , u s i n g  the W e i1s -B ro o kf ie ld  

microv iscomete r ,  confi rm previous work and i n d ic a t e  t h a t : -

a) haematocr i t  is the main determinant o f  blood v i s c o s i t y ,  

the r e l a t i o n s h i p  between log v is c o s i t y  and haematocr i t  

being v i r t u a l l y  l i n e a r .

b) blood v is c o s i t y  is not constant ,  but increases a t  low 

ra tes  o f  shear.  The magnitude o f  the increase ,  and the

shear r a te  below which the increase takes p lace  is

r e la t e d  to  haematocr it  l e v e l .

c) the slope o f  the h a em a to c r i t / lo g  v i s c o s i t y  r e la t i o n s h i p  

is a fu n c t io n  o f  shear ra te .

2. Vascu lar  re s is ta n ce  in th is  iso la te d  limb p re p ara t io n  is a 

measure o f  " in  v ivo  v i s c o s i t y " .  At normal per fus io n  pressures  

( i . e . ^  80 mm Hg) i t  is determined mainly by h a em a to cr i t .  The 

r e la t i o n s h i p  between re s is tance  and haematocr i t  is approximate ly  

l i n e a r  in the range haematocri t  30 -70 ,  below which res is tance

is much less in f luenced by haematocr i t .  Vascu lar  re s is ta n ce  is

not constant a t  a given blood v is c o s i t y ,  but below a c e r t a i n

p e r fus io n  pressure ,  increases w i th  decreasing p e r fus io n  pressure.  

The magnitude o f  increase ,  and the per fus ion  pressure below which 

the increase takes place  vary w i th  h aem atocr i t .

3. . Although vascu lar  re s is tance  in the is o la te d  limb prepara t ion  

c o r r e l a t e s  w e l l  w i th  in v i t r o  v is c o s i t y  f o r  a given se t  o f  

samples,  the magnitude o f  the change in vas cu la r  re s is ta n c e  w i th  

haematocr i t  o r  per fus ion  pressure is co ns iderab ly  less than th a t  

o f  the  change in v i t r o  blood v i s c o s i t y .
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4. N e i th e r  f ib r inoge n  nor plasma p r o t e in s ,  in the concentrat ions  

s tu d ie d ,  had a s i g n i f i c a n t  e f f e c t  on e i t h e r  blood v is c o s i t y  in 

v i t r o ,  or  vascular  re s is tance  in the is o la te d  l imb.

5 . In the is o la te d  l imb, suspensions o f  red blood c e l l s  in 

p ro te in  f r e e  so lu t ions  (Dextran 40/Normal S a l in e ,  R inger 's  

S o lu t io n )  had s im i l a r  non Newtonian p ro p e r t ie s  to  blood, w h i le  

Dextran perfused alone was almost Newtonian.  (A s l i g h t  Inc rea se  

in re s is ta n ce  occurred a t  the extreme ends o f  the perfusion  

pressures employed).

6. The e f f e c t  o f  cooling the perfused blood in the iso la ted  

l imb prepara t ion  was to increase vascu lar  r e s is ta n c e ,  and to  

increase  blood's  non Newtonian behaviour .
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CHAPTER SEVEN 

DISCUSSION

The work in th is  th e s is  was prompted by the r e a l i s a t i o n  th a t  

a la rge  number o f  p a t i e n ts  w i th  d is a b l in g  pe r ip h era l  vascu lar  

disease are uns u i tab le  f o r  re c o n s tru c t iv e  surgery and t h a t  no 

other  form o f  therapy has been proven e f f e c t i v e .  I t  is wel l  

e stab l ish ed  in theory and in p r a c t ic e  th a t  attempts to improve 

blood f low by v a s o d i l a t o r  drugs are u n l i k e l y  to succeed and 

s i m i l a r l y  sympathectomy has l im i t e d  a p p l i c a t i o n .  Since the  

component o f  re s is ta n ce  to  f lo w  in a d d i t io n  to  the s iz e  o f  the  

res is tance  vessels  (mainly  terminal  a r t e r i o l e s  and venules) is 

the i n t r i n s i c  res is tan ce  or v is c o s i t y  o f  blood, i t  is reasonable  

to consider  th e ra p e u t ic  manipula t ion o f  blood f low p r o p e r t ie s .

As discussed e a r l i e r ,  a g reat  deal is known about blood 

rheology in lab o ra to ry  instruments but much less o f  i t s  relevance  

to  the i n t a c t  c i r c u l a t i o n .  The experiments descr ibed in th is  

thes is  are  an at tempt to assess the main p ro p e r t ie s  o f  blood f low  

in an in t a c t  c i r c u l a t i o n ,  and to  what e x te n t  they are  pred ic ted  

by lab o ra to ry  v iscometry .

The experiments can be l e g i t i m a t e l y  c r i t i c i s e d  on several  

grounds, mainly the re levance o f  canine re s u l ts  to  humans, and o f  

an is o la te d  c i r c u l a t i o n  to in v ivo c o n d i t io n s .

As f a r  as blood rheology is  concerned canine blood appears.  

to be very s i m i l a r  to  human and i t  is l i k e l y  t h a t  the physiology  

of  the per ip h era l  c i r c u l a t i o n  is reasonably s i m i l a r .

E x t ra p o la t in g  the re s u l ts  o f  is o la te d  organ per fus ion  

experiments to the i n t a c t  c i r c u l a t i o n  requ ires  caut ion however,  

but seems the only way t h a t  rheo log ica l  e f f e c t s  on vascular  

res is tance  can be d is t in g u is h e d  from changes in dimensions o f  the
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p e r ip h e r a l  ves se ls .  I t  is unfortunate  th a t  e x t raco rp o rea l  

c i r c u l a t i o n  in i t s e l f  may cause damage to the blood by the  

mechanical  a c t io n  o f  the pump and by a r t i f i c i a l  oxygenation.  

Fragmentation' o f  red c e l l s  and dénaturat ion  o f  p ro te in s  may occur,  

p a r t i c u l a r l y  when a bubble oxygenator is used. Despi te  t h i s ,  

haemolysis s u f f i c i e n t  to  d isco lour  plasma was not observed in our  

exper iments .  The plasma p ro te in  leve ls  in our samples were 

perhaps lower than expected and th is  may be accounted f o r  by 

dep o s i t io n  o f  p ro te in  in the oxygenator.  However, i f  t h is  were 

e x e r t in g  a s i g n i f i c a n t  rheo log ica l  e f f e c t  one would have expected 

an a l t e r a t i o n  in re s is ta n ce  a t  a given f low  r a t e ,  or  per fus ion  

p ressure ,  as the experiment progressed. This did  not occur to  a 

s i g n i f i c a n t  e x t e n t .

Despite  these reservat ions  i t  is reasonable to draw general  

conclusions from these experiments on the r e l a t i o n s h i p  between 

blood v is c o s i t y  in v i t r o  and res is tance  in v iv o .

Blood v is c o s i t y  in v i t r o  and in v ivo increases s t e a d i l y  w i th  

haem atocr i t  and w i th  decreasing shear ra te .  However, the magnitude 

of  the changes involved seems to be very much less in v iv o  than 

in v i t r o .  I t  has been g e n e ra l ly  accepted th a t  blood v i s c o s i t y  

is lower in v ivo  than in v i t r o . ( W h i t t a k e r  & Winton,  1933; 

D jo jp s u g i t o ,  1970) .  This is based on a comparison o f  r a t i o s  o f  

blood/plasma v iscos i  ty  in vi  t r o ,  and blood/plasma ' f e s i s tancé = tn ~ -  

v iv o .  The lower r e l a t i v e  v is c o s i t y  was a t t r i b u t e d  to  the  

r e d i s t r i b u t i o n  o f  red c e l l s  (Fahraeus, 1931).  However, from our 

experiments  i t  is seen th a t  although vascular  re s is ta n c e  decl ined  

s t e a d i l y  as haematocr i t  is reduced from high le v e ls  t h i s  curve  

l e v e ls  out as haematocri t  goes below 30.  Thus a t  low le v e ls  o f
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h a e m a to c r i t ,  red c e l l  concentra t ion  does not make an apprec iab le  

d i f f e r e n c e  to vascular  res is tance  ( t h i s  was p re v io u s ly  noted,  in 

a q u i t e  d i f f e r e n t  prepara t ion  by Levy, 1973)» but i t  does a f f e c t  

in v i t r o  v is c o s i t y ,  the in v i t r o  v is c o s i t y /h a e m a t o c r i t  curve  

being reasonably smooth down to very low haematocr i t  l e v e ls .  I t  

seems t h a t  a t  low haematocr it  le v e ls  vas cu la r  res is ta n ce  has a 

la rge  component which is not dependent on b lood 's  viscous p roper t ies  

T h e re f o re ,  to base a c a lc u la t io n  o f  in v ivo  v i s c o s i t y  on the  

r e l a t i v e  res is tance  o f  blood to plasma w i l l  lead to an 

a r t i f i c i a l l y  low value o f  in v ivo  v i s c o s i t y .  The idea th a t  blood 

v is c o s i t y  is lower in v ivo  was f i r s t  mooted by W hi t tak e r  and 

Winton (1 9 33 ) ,  who a t t r i b u t e d  th is  to  an e f f e c t i v e  reduction in 

haematocr i t  by the in c re as in g ly  large  c e l l  f r e e  zone a t  the  

p er ip hery  o f  the vessel as vessel  s i z e  Is reduced. This idea 

is s t i l l  w ide ly  accepted and Strandness (1978) notes th a t  the  

reduct ion by one t h i r d  of  v is c o s i t y  in v iv o  found by W hi t taker  

and Winton is c ons is ta n t  w i th  t h a t  p re d ic te d  by the Fahraeus-  

L in d q v is t  e f f e c t  fo r  vessels o f  50 microns,  approximate ly  the  

s iz e  o f  the ' r e s is t a n c e '  vessels -  the te rm ina l  a r t e r i o l e s  

and venules.

An a l t e r n a t i v e  e x p la n a t io n ,  suggested o r i g i n a l l y  by Benîs 

( 1970) ,  fo r  the apparent ly  low in v ivo  blood v i s c o s i t y ,  th a t  

the di screpancy is due to hon-^l inear  ' i n e r t  iaT  pressure losses  

in the low haematocri t  blood seems more l i k e l y  in the l i g h t  o f  

our r e s u l t s .  In 1970 Bents reported experiments  in which canine  

hind paws were perfused under condi t ions  o f  steady f lo w  w i th  

blood o f  vary ing haematocr it  and suspensions o f  albumen-Ringer  

s o lu t io n .  In common w i th  our experiments they found th a t  blood
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and R B C /r înger 's  s o lu t io n  behaved s i m i l a r l y  a t  a p a r t i c u l a r  

h a em a to cr i t ,  and t h a t  f low  re s is tance  increased markedly w i th  

haem a tocr i t .  They considered th a t  non Newtonian v i s c o s i t y ,  

as w e l l  as vessel  d i s t e n s i b i l i t y  c on tr ibu ted  to  the non- 

l i n e a r i t y  o f  p re s s u re / f lo w  curves.  By per fus ing  t h e i r  p rep ara t io n  

w i th  two Newtonian c e l l  f r e e  f l u i d s  o f  d i f f e r e n t  v i s c o s i t y  

(Pameg-Ringer S o lu t io n ,  v i s c o s i t y  4.51 cp; Albumen/Ringer,  

v is c o s i t y  0 .972 cp) i n e r t i a l  losses were c a lc u la t e d  under 

c ondi t ions  o f  steady f lo w .  At phys io log ica l  pressures i n e r t i a l  

losses accounted f o r  about 40% o f  the t o t a l  pressure drop f o r  

the c e l l  f r e e  albumen Ringer s o lu t i o n ,  but on ly  5% f o r  blood of  

haematocr i t  50.

The same authors expanded on th is  work (Benis ,1973) by 

repea t ing  W h i t tak e r  and Winton's  experiments.  They perfused  

canine hind limbs w i th  suspensions o f  e ry th ro c y te s  in albumen/  

Ringer s o lu t io n  and in a d d i t io n  perfused both f r e s h ly  exc ised  

l imbs and l imbs f i x e d  in 10% formaldehyde (whose vascu lar  

dimensions could not a l t e r )  w i th  c e l l  f r e e  plasma expanders o f  

d i f f e r e n t  v i s c o s i t i e s .  They confirmed W h i t tak e r  and Winton's  

basic  f in d in g s  t h a t  the r a t i o  o f  blood v i s c o s i t y  to plasma 

v i s c o s i t y  is less in the l imb than in the v iscometer ,  but  

showed t h a t  the same discrepancy occurred between c e l l  f r e e  

Newtonian f 1uids o f  hrgh^ahdn&ownviscosrty;- iTbe expLanatTon^- ;.„ = 

th e r e f o r e  cannot l i e  in the Fahraeus-L indqv ist  e f f e c t  (which 

depends on r e d i s t r i b u t i o n  o f  e r y t h r o c y t e s ) ,  but is l i k e l y  to  be 

due to  n o n - l i n e a r  ( i n e r t i a l )  pressure losses In the la rge  vessels  

o f  the hind l imb.
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In our exper iments ,  I f  in v ivo v is c o s i t y  were c a lc u la te d  

by comparing the r a t i o  o f  res is tance o f  normal blood in the 

i s o la t e d  per fus ion  system to plasma then i t  would appear as i f  

v i s c o s i t y  were lower in v ivo than in v i t r o ,  since  in the  

viscometer  blood o f  haematocr i t  40 has a v i s c o s i t y  o f  about  

th re e  times th a t  o f  plasma w h i le  in the is o la te d  l imb i t s  

re s is ta n c e  is about tw ic e .  However, a s i m i l a r  c a l c u l a t io n  using  

Dextran-40  instead o f  blood shows th a t  both in the viscometer  

and in the is o la te d  l imb Dextran had a v is c o s i t y  s i m i l a r  to  th a t  

o f  blood o f  haematocr i t  40.  Thus the r a t i o  o f  the v is c o s i t y  

o f  Dextran to plasma is a lso  considerably  less in the iso la te d  

l imb than in the v iscometer .  C le a r ly  the e f f e c t  cannot be 

r e la t e d  to  the  r e d i s t r i b u t i o n  o f  red c e l l s  but can be expla ined  

by d is p r o p o r t i o n a t e l y  h igher  i n e r t i a l  losses f o r  plasma.

I t  appears from our experiments t h a t  f a i r l y  large  changes 

o f  v i s c o s i t y ,  as measured in the lab ora to ry  v iscom eter ,  are  

required  to  e x e r t  a n o t ic e a b le  e f f e c t  in v iv o .  This  may account  

fo r  the f a i l u r e  o f  f ib r in o g e n  concentrat ion  to e x e r t  a s i g n i f i c a n t  

e f f e c t  on vas cu la r  re s is tance  in the limb p er fus io n  model. This  

f i n d i n g  is d is a p p o in t in g  since  from the in v i t r o  low shear ra te  

work o f  M e r r i l l ( 1969) and o th e r s ,  i t  would be a n t i c i p a t e d  th a t  

reduct ion  o f  f ib r in o g e n  lev e ls  would have lowered vascu lar  

resis tance^ a tc v e ry  low ra tes  o f  f low! ^Ancrody whidh s e l e c t i v e l y  

and s a f e l y  reduces plasma f ib r in o g e n  to a .v e r y  low l e v e l ,  would 

then have been a major advance in the trea tment  o f  inoperable  

vascu lar  d isease .  There a re  now a number o f  reports  o f  ancrod 's  

use in o b s t r u c t i v e  a r t e r i a l  disease which have shown th a t  

c o n t r o l l e d  th e r a p e u t ic  d e f i b r i n a t i o n  is f e a s i b l e  (Dormandy,1977)
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and safe  in the p e r -o p e r a t iv e  period ( B a r r i e ,  1975) but the  

b e n e f i t  seems margina l .  The drug has however shown promise in 

improving the patency rates o f  s y n t h e t ic  a r t e r i a l  g r a f t s  in 

dogs (P o s t l e t h w a i t e ,  1977),  a l though,  as in the experiment  

descr ibed in Chapter 4 the b e n e f i t  may have been der ived  from 

an a n t i - c o a g u la n t  e f f e c t  ra th e r  than an a l t e r a t i o n  in theo log ica l  

pro p er t  i e s .

A number o f  other  drugs have been claimed to  improve blood 

f low by among o ther  a c t io n s ,  reducing blood v i s c o s i t y .  The vast  

m a jo r i t y  are  q u i t e  uncontro l led  observations  and do not m er i t  

ser ious  c o n s id e ra t io n .  Two drugs,  C inneraz ine  ( t ra d e  name in UK 

Stugeron) and O x p e n t i f y 11i ne ( t ra d e  name in UK T r e n t a l )  have 

shown some promise as a c t i v e  th e o lo g ica l  agents .  C in n e ra z in e ,  a 

p ip e r a z in e  d e r i v a t i v e ,  was synthesised in 1958. I t  has been 

reported to  increase r e s t in g  blood f low  and prolong hyperaemic 

f low ( E l l i s ,  1977) and to  b e n e f i t  p a t ie n ts  w i t h  i n t e r m i t t e n t  

c l a u d i c a t i o n ,  muscular cramps, cold e x t r e m i t i e s  and vascu lar  spasms, 

(S taessen,  1977).  Di P e r r i  (1977) s tud ied  the  d rug 's  a c t io n  on 

v is c o s i t y  and showed an 11-18% reduct ion  in whole blood v is c o s i t y  

but no s i g n i f i c a n t  change in h a em a to c r i t ,  plasma v is c o s i t y  or  

f i b r in o g e n  con ce n tra t io n .  This impl ies  t h a t  the  c h a r a c t e r i s t i c s  

o f  the red c e l l  -  such as in te r n a l  v i s c o s i t y ,  a g g reg a t io n ,  or  

deform ab i1 i t y  a re  in f lu e n c e d ,  o f  which the Jas t  is  the most l i k e l y .

N a f t i d r o f u r y l  ( P ra x i le n e )  is a ls o  reported  to  lower blood 

v i s c o s i t y  and enhance metabolism in ischaemic t i s s u e s .  I t  is 

claimed t h a t  i t s  e f f e c t  in t r e a t i n g  o b s t r u c t i v e  a r t e r i a l  disease  

depends on these act ions  but a p ro p e r ly  c o n t r o l l e d  t r i a l  o f  the drug 

in p a t i e n t s  w i th  c la u d ic a t io n  f a i l e d  to  show any d e f i n i t e  b e n e f i t
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(Ruckley,  1 9 7 8 ) . S i m i l a r l y  C har lesw or th ' s group (Mashiah,  1978) 

measured the v is c o s i t y  and limb blood f low in c laud icants  be fore  

and a f t e r  t reatm ent w i th  th re e  drugs -  a l l  said to  reduce blood 

v is c o s i t y  -  T e t r a n i c o t i n o y 1 Fructose ( B r a d i l a n ) ,  O x p e n t i f y l 1i ne 

( T r e n t a l )  and Cinneraz ine  (S tugeron) .  A f t e r  treatm ent the re  was 

l i t t l e  or  no change in blood v is c o s i t y  and no change in blood 

f low .

No attempt was made in our experiments to  assess red c e l l  

f l e x i b i l i t y  but i t  is l i k e l y  th a t  the a b i l i t y  o f  the red c e l l s  

to deform is fundamental to  f low  in the m i c r o - c i r c u l a t i o n .  At 

present  there  is no g e n e r a l l y  accepted method o f  measuring 

red c e l l  f l e x i b i l i t y ,  a l though Reid(l978b) has re c e n t ly  suggested 

a t e s t  in v o lv ing  f i l t r a t i o n  o f  blood through a po ly -carbonate  

s ieve  conta in ing  c y l i n d r i c a l  channels 5 ^ in diameter  under a 

pressure  o f  20 cms o f  w a te r .  I n t e r e s t i n g l y  red c e l l  f l e x i b i l i t y  

appears to  be d i r e c t l y  r e la t e d  to f ib r in o g e n  concentra t ion  

( S i r s ,  1968) and i t  is tempting to p o s tu la te  th a t  the d isap p o in t in g  

re s u l ts  o f  d e f i b r i n a t i o n  a re  due to the t h e o r e t i c a l  reduction in 

whole blood v i s c o s i t y  being compensated by a corresponding  

decrease in red c e l l  f l e x i b i l i t y .  Fur ther  evidence fo r  the  

importance o f  th is  to p ic  is to  be found in recent papers showing 

decreased red c e l l  f l e x i b i l i t y  In p a t ie n ts  w i th  vascular  disease  

( R e i d , 1976a) and in d iabetes  (Macmil lan,  1978),  _

Our s tudies  have shown th a t  whole blood v is c o s i t y  as 

measured in the Wei 1s -B r o o k f i e ld  Viscometer w i l l  provide an 

in d ic a t io n  o f  b lood's  behaviour  in the c i r c u l a t i o n ,  but t h a t  the  

changes o f  re s is ta n c e  o r  apparent v is c o s i t y  In v ivo  are much less  

than the corresponding changes in in v i t r o  v is c o s i t y .  The
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combination o f  a reduced f low ra te  and ra ised haem atocr i t  Is 

p a r t i c u l a r l y  disadvantageous and i t  may w el l  be worth t r e a t i n g  

p a t ie n ts  w i th  ra ised haematocr it  leve ls  which f a l l  w e l l  short  

o f  po lycythaemia.  In 1963 Cranley showed some b e n e f i t  from 

repeated phlebotomy in such p a t i e n t s ,  al though more r e c e n t ly  

in a small p i l o t  t r i a l  Ford (1978) , could not confi rm t h i s .  

However an important study by Marshal l  and his col leagues a t  the  

I n s t i t u t e  o f  Neurology (Thomas, 1977) showed th a t  in a group o f  

19 p a t i e n t s  cerebra l  blood f low increased by 50% as haematocr it  

was reduced (by venesection)  from a mean value  o f  49 .3  to  

4 2 .6 .  In the same jo u rn a l  N ico la ides  (1977) reported blood 

v i s c o s i t y  s tud ies  on p a t ie n ts  w i th  angina.  Whole blood v i s c o s i t y ,  

h a e m a to c r i t ,  red c e l l  f l e x i b i l i t y  and plasma f ib r in o g e n  

concentra t ion  were a l l  h igher  in the 22 p a t i e n t s  than in the  

c o n t r o l s ,  but when v is c o s i t y  was corrected to  a standard  

haematocr i t  (45%) there  was no s i g n i f i c a n t  d i f f e r e n c e  in the mean 

v i s c o s i t y  o f  the two groups. This ind ica ted  t h a t  the ra ised  

v i s c o s i t y  in p a t ie n ts  w i th  angina is a r e s u l t  o f  h igher  haem atocr i t ,  

and not o f  ra ised  plasma f ib r in o g e n  con cen tra t io n .

I f  one is going to  t r e a t  o b s t ru c t iv e  a r t e r i a l  disease by 

improving f low p ro p e r t ie s  the experiments described in t h i s  thes is  

and the recent work on cerebra l  blood f low by Thomas (1977)  

suggest t h a t  reduct ion o f  even modestly ra ised haematOCrit  " +

le v e ls  may be the most e f f e c t i v e  method. C l e a r l y ,  reducing the  

red c e l l  concentra t ion  o f  blood reduces i t s  oxygen c a r ry in g  

c a p a c i t y ,  in a d d i t io n  to  improving i t s  f l u i d i t y ,  and one could 

wel l  ask I f  the one w i l l  not cancel the o th e r  in terms o f  

b e n e f i t  to  the p a t i e n t .  Thomas (1977) c a lc u la t e d  t h a t  in his
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p a t i e n t s  the 50% increase in cerebra l  blood f lo w  obta ined by 

reduct ion  in haematocr it  (from 49 to 42) was o f f s e t  by a less 

than 15% reduct ion in oxygen c arry ing  c a p a c i ty .  T h e o r e t i c a l l y  

th e re  should be an optimum haematocr it  a t  which the oxygen 

c a r r y in g  capa c i ty  is g re a tes t  a l low ing  f o r  the opposing fa c to rs  

o f  increas ing  oxygen car ry in g  capac i ty  w i th  increas ing haematocri t  

and decreasing f low caused by the increased v i s c o s i t y  o f  the  

blood,  al though th is  concept has been disputed (Halmagyi,  1977).

In experiments on conscious dogs Von R e s t o r f f  (1975a,b)  

examined the e f f e c t  o f  normo-volaemic haemo-di1ut ion  w i th  

dextran 70 on oxygen consumption a t  re s t  and during  e x e rc is e .  

Cardiac  output increased but not enough to  compensate f o r  the  

reduced a r t e r i a l  oxygen content ,  possib ly  due to the increased  

i n e r t i a l  losses o f  low haematocr it  blood. However, Fowler (1975) 

on the basis  o f  s i m i l a r  animal experiments concluded th a t  

r e l a t i v e l y  small decreases o f  blood v i s c o s i t y  may s i g n i f i c a n t l y  

increase re s t in g  card iac  o u tpu t ,  and in a comprehensive review  

a r t i c l e  Messmer (1975) considered th a t  in the haematocr i t  range 

25 - 30% the increase  in f low ra te  is ab le  to  compensate f u l l y  fo r  

the dimin ished oxygen content o f  the blood. Horstman (1974)  

stud ied  the e f f e c t s  o f  haemoglobin reduct ion on maximum oxygen 

consumption in normo-volaemic dogs which had been p re v io u s ly  bled  

to 75% of. the normal, haemog 1 oh,in ;,va 1 ue , vGar.diac .o u t p u t , -xaçdiac  

work and ce n t ra l  blood volume did not l i m i t  maximum oxygen 

consumption and card iac  output was a fu n c t io n  o f ,  and la r g e ly  

regu la ted  by,  per ip h era l  re s is ta n c e .  S i m i l a r l y  Sunder-Plassmann 

( 1975) showed, in dogs, th a t  the predominant adapt ional  mechanism 

in acute  d i l u t ional  anaemia (haematocr i t  20%) is a marked increase
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in n u t r i t i o n a l  blood f low to v i t a l  organs and t is su e s .

I t  seems l i k e l y  th a t  the optimum haematocr i t  is in the  

low f o r t i e s  or less (C ro w e l l ,  1958) and Dormandy may be c o r re c t  

in his  suggestion (Dormandy, 1978) th a t  the optimum 

concentra t ion  o f  a b io lo g ic a l  v a r i a b l e  -  such as haematocri t  -  

may not ne ce s sa r i ly  be the normal va lue .  With regard to  

haematocr i t  and haemoglobin c o n ce n t ra t io n ,  in e vo lu t io n a ry  terms 

the major th re a t  to surv iva l  would have been traumatic  

haemorrhage and hence a high volume o f  red c e l l  concentra t ion  

would have been advantageous. Now th a t  degenera t ive  a r t e r i a l  

narrowing is so much more a cause o f  m o r t a l i t y  than traumatic  

exsanguinat ion ,  we may have in h e r i t e d  a b i o lo g ic a l  leve l  o f  red 

c e l l  concentra t ion  which is set  too h igh.  I f  a method could be 

found s a f e ly  and permanently to  f i x  the haematocr i t  o f  p a t ien ts  

w ith  o b s t r u c t i v e  a r t e r i a l  disease a t  an optimum leve l  -  say 

35-40% -  th is  might c o n t r ib u te  s u b s t a n t i a l l y  to the symptomatic 

t rea tm ent o f  a r t e r i a l  d isease.



APPENDIX

Experiment No. 1
Hot = 17

AP Q R C R^^

102 231 0 .4 4 99 98 97

89 192 0 .4 6 103 102 105

68 158 0 .4 3 96 104 99

52 126 0 .4 1 92 104 96

40 97 0 .4 1 92 99 91

24 62 0 .3 9 87 99 86

15 36 0 .4 2 94 89 84

8 18 0 .4 4 99 83 - 82

3 5 .2 5 0 .5 7 128 83 106

8 14 0 .5 7 128 83 106

16 39 0 .4 1 92 89 82

21 60 0 .3 5 78 99 77

34 92 0 .3 7 83 99 82

45 135 0 .3 3 74 104 77

53 158 0 .3 4 76 104 79

69 200 0 .3 5 78 104 81

101 287 0 .3 5 78 98 76
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Experiment No. 1
Hot = 37

AP Q R rN C R^^

95 200 0 .4 8 107 102 109

79 166 0 .4 8 107 104 111

57 130 0 .4 4 99 104 103

37 84 0 .4 4 99 99 98

24 52 0 .4 6 103 99 102

15 30 0 .5 0 112 89 100

14 24 0 .5 8 130 89 116

5 .5 8 .2 5 0 .6 7 150 83 125

4 4 1 .0 224 83 186

10 12 0 .8 3 186 83 154

17 26 0 .6 5 146 89 130

21 46 0 .4 6 103 99 102

31 71 0 .4 4 99 99 98

45 111 0 .4 1 92 104 96

59 150 0 .3 9 87 104 90

70 176 0 .4 0 90 104 94



15 8
Experiment No. 1
Hot ='50

AP Q R R^ C R ^^

76 130 0 .5 8 130 1 .0 4 135

69 102 0 .6 8 152 1 .0 4 '  158

50 61 0 .8 2 183 1 .0 4 191

28 28 1 .0 224 0 .9 9 221

12 11 1 .0 9 244 89 217

7 5 1 .4 314 83 261

3 2 .8 1 .0 7 240 83 199

3 3 1 .0 224 83 186

19 1 9 .5 0 .9 7 217 89 193

21 29 0 .7 2 161 99 159

35 60 0 .5 8 130 99 129

48 91 0 .5 3 119 104 124

59 120 0 .4 9 110 104 114

72 167 0 .4 3 96 104 100

87 200 0 .4 4 99 102 101



Experiment No. 1
Hot = 76
F ib r in o g e n  = 260 

P r o te in  = 5 .7

159

A p Q R R^ C R^^

83 76 1 .0 9 244 102 249

49 48 1 .0 2 229 104 238

38 32 1 .1 9 267 99 264

14 12 1 .1 7 262 89. 233

8 4 ,5 1 .7 8 399 83 331

22 10 2 .2 0 493 99 488

27 16 1 .6 9 379 99 375

36 32 1 .1 3 253 99 250

47 60 0 .7 8 175 104 182

60 77 0 .7 8 175 104 182

78 98 0 .8 0 179 104 186

51 53 0 .9 6 215 704 224

34 30 1 .1 3 253 99 250

25 1 7 .5 1 .4 3 321 99 318

12 7 .2 5 1 .6 6 372 89 331

4 3 .2 5 1 .2 3 276 83 229

20 7 .7 5 2 .5 8 578 89 514

V is c o s i t y  S hea r R a te
(secTl)

5 .7 5  30

1 1 .5  T - 21

23 1 6 .6

46 1 3 .1

115 1 0 .8

230 9 .7



1 6 0

Experiment No. 1
Dextran

N
AP Q R R

36 68 0 .5 3  119

22 51 0 .4 3  96

9 24 0 .3 7  83

2 8 0 .2 5  56

2 5 0 .4 0  90

12 18 0 .6 7  150

33 70 0 .4 7  105

57 135 0 .4 2  94

75 185 0 .4 1  92

95 280 0 .4 0  90



E x p e r im e n t No. 2

H o t = 27 161

F ib r in o g e n  = 230 

P r o t e in  = 3 .8

AP Q R R" C R " "

111 326 0 .3 4 62 98 61

88 265 0 .3 3 61 102 62

70 213 0 .3 3 61 104 63

53 158 0 .3 4 62 104 64

38 1 0 3 .4 0 .3 7 68 99 67

26 6 5 .9 0 .3 9 72 99 71

1 6 .5 40 0 .4 1 75 89 67

12 29 0 .4 1 75 89 67

8 .5 1 8 .2 0 .4 7 ■ 86 83 71

6 15 0 -4 0 73 83 61

5 .5 1 0 .9 0 .5 0 92 83 76

6 1 0 .9 0 .5 5 101 83 84

8 .5  , 1 7 .6 0 .4 8 88 83 73

1 2 .5 2 7 .8 0 .4 5 83 89 74

17 38 0 .4 4 81 89 72

27 69 0 .3 9 72 99 71

40 107 0 .3 7 68 99 67 .

54 158 0 .3 4 62 104 64

74 207 0 .3 6 66 104 69

91 261 0 .3 5 64 102 65

123 333 0 .3 7 68 96 65

V is c o s i t y  S hea r R a te
(sec  -1 )

5 .7 5  3 .2
1 1 .5  3 .4
23 3 .2
46 3 .0
115 2 .6

230 2 .4



E x p e r im e n t No. 2 1^2

H o t =27

F ib r in o g e n  = 190 

P r o te in  = 3 .8

AP Q R R^ C R^^

117 328 0 .3 6 66 93 65

88 250 0 .3 5 64 102 65

66 194 0 .3 4 62 104 64

55 146 0 .3 8 70 104 73

40 97 0 .4 1 75 99 74

2 8 .5 60 0 .4 8 99 99 87

2 0 .5 37 0 .5 5 101 99 100

1 6 .5 26 0 .6 3 115 89 102

13 17 0 .7 6 139 89 124

10 9 .1 1 .1 0 202 83 168

8 .5 1 0 .2 0 .8 3 152 83 126

13 17 0 .7 6 139 89 124

18 27 0 .6 7 123 89 109

21 3 6 .5 0 .5 7 105 99 104

2 7 .5 59 0 .4 7 86 99 85

37 94 0 .3 9 72 99 71

53 143 0 .3 7 68 104 71

69 200 0 .3 5 64 104 67

87 244 0 .3 6 66 102 67

110 306 0 .3 6 66 98 65

V is c o s i t y  S hea r R a te
(se c  “ 1)

5 .7 5  5 .4
1 1 .5  3 .4
23 2 .9
46 3 .1
115 2 .7
230 2 .5



Experiment No. 2
Hot =32
F ib r in o g e n  = N .A . 

P r o te in  = N .A .

A.P Q R R^ C R ^^

118 333 0 .3 5 64 98 63

89 259 0 .3 4 62 102 63

67 196 0 .3 4 62 104 65

50 149 0 .3 4 62 104 65

39 100 0 .3 9 71 99 70

24 60 0 .4 0 73 99 72

1 7 .5 3 7 .5 0 .4 7 86 89 77

1 4 .5 28 0 .5 2 95 89 85

12 18 0 .6 7 123 89 97

8 .5 1 0 .5 0 .8 1 148 83 123

1 0 .5 1 1 .1 0 .9 4 172 83 143

13 17 0 .7 6 139 89 124

17 28 0 .6 1 ■ 112 89 100

21 • 3 6 .6 0 .5 7 105 99 104

28 59 0 .4 8 88 99 87

39 100 0 .3 9 72 99 71

5 3 .5 146 0 .3 7 68 104 7 0 .1

74 201 0 .3 7 68 104 71

9 4 .5 250 0 .3 8 70 104 73

122 326 0 .3 7 68 104 71

V is c o s i t y  S h e a r R a te
(s e c  " 1 )

5 .7 5  2 .6
1 1 .5  2 .8
23 3 .1
46 3 .4
115 3 .7
230 4 .2



Experiment No. 2

Dextran
164

p Q R

183 312 0 .5 9 108

154 268 0 .5 7 104

127 207 0 .6 1 112

98 162 0 .6 0 110

71 114 0 .6 2 114

47 75 0 .6 3 115

25 48 0 .5 2 95

17 32 0 .5 3 97

1 0 .5 1 7 .6 0 .6 0 110

8 13 0 .6 1 112

6 .5 10 0 .6 5 ■■ 119

11 1 5 .5 0 .7 0 128

18 . 25 0 .7 2 132

23 36 0 .6 4 117

37 68 0 .5 4 99

53 107 0 .4 9 90

74 158 0 .4 7 86

95 211 0 .4 5 83

120 261 0 .4 6 84

147 319 0 .4 6 84



E x p e r im e n t No. 3 ^

H o t = 3 7  

F ib r in o g e n  = 8 4  

P r o te in  = 4 .1

p Q R R^ C R^^

112 263 0 .4 3 104 98 102

90 211 0 .4 3 104 102 106

67 157 0 .4 3 104 104 108

48 112 0 .4 3 104 104 108

33 71 0 .4 6 111 99 110

21 45 0 .4 7 113 99 112

9 .6 17 0 .5 135 83 112

7 .5 12 0 .6 2 149 83 124

3 .5 5 .4 0 .6 5 156 83 129

7 .5 1 0 .8 0 .6 9 166 83 138

9 .3 1 7 .6 0 .5 3 128 83 ’ 106

13 29 0 .4 5 108 89 96

1 7 .8 42 0 .4 3 104 89 93

29 72 0 .4 0 96 99 95

40 107 0 .3 7 89 99 88

5 6 .5 156 0 .3 6 87 104 90

79 208 0 .3 8 91 104 95

102 259 0 .3 9 94 98 96

130 323 0 .4 0 96 96 92

V is c o s i t y  S h e a r R a te
(s e c  “ D

5 .7 5  7 .8
1 1 .5  6 .6
23 5 .5
46 4 .7
115 3 .9
230 3 .4



E x p e r im e n t No. 3 

H o t = 37 

F ib r in o g e n  = 92 

P r o te in  = 4 .8

1 66

p Q R R^ C

133 306 0 .4 3 104 96 100

105 248 0 .4 2 101 98 99

88 200 0 .4 4 106 102 108

66 150 0 .4 4 106 106 110

4 1 .5 .  104 0 .4 0 96 104 100

28 68 0 .4 1 99 99 98

IB 42 0 .4 3 104 89 93

14 28 0 .5 0 120 89 107

1 0 .5 1 2 .5 0 .8 4 202 89 227

8 1 2 .5 0 .6 4 154 83 128

5 6 .7 0 .7 5 180 83 149

9 .4 1 3 .4 0 .7 0 169 83 140

11 ■ 19 0 .5 8 140 • 83 116

1 4 .7 30 0 .4 9 118 89 98

1 9 .5 42 0 .4 7 113 89 101

2 9 .1 68 0 .4 3 104 99 103

4 1 .7 106 0 .3 9 94 104 98

57 152 0 .3 8 91 104 95

80 200 0 .4 0 96 104 100

103 250 0 .4 1 99 98 97

133 303 0144 106 96 102

V is c o s i t y S h e a r R a te
(se c  “ 1)
5 .7 5
1 1 .5
23
46
115
230

1 2 .4
10.0

8 .0
6 .3
4 .9

4 .0
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Experiment No. 3
Dextran

p Q R R^

154 326 0 .4 7 113

119 254 0 .4 7 113

9 7 .4 214 0 .4 5 108

73 165 0 .4 4 106

48 115 0 .4 2 101

3 0 .4 76 0 .4 0 96

1 9 .4 47 0 .4 1 99

13 3 0 .6 0 .4 2 101

9 20 0 .4 5 108

6 14 0 .4 4 106

3 7 .4 0 .4 1 99

7 1 1 .5 0 .6 1 147

9 .7 17 0 .5 7 137

1 3 .7 2 6 .7 0 .5 1 123

18 38 0 .4 7 113

28 65 0 .4 3 104

41 103 0 .4 0 96

5 8 .5 156 0 .3 7 89

78 210 0 .3 7 89

101 ’ 259 ■ 0 .3 9 - ' ' 94

128 326 0 .3 9 94



E x p e r im e n t No. 4

H o t = 3 6  168

F ib r in o g e n  = 500 

P r o t e in  = 6 .2
p Q R R^ C R^

169 333 0 .5 1 101 96 97

132 278 0 .4 8 95 96 91

106 227 0 .4 7 93 98 91

86 176 0 .4 9 97 102 99

65 129 0 .5 0 99 104 103

45 77 0 .5 9 117 104 122

35 56 0 .6 3 125 99 124

31 41 0 .7 6 150 99 149

25 26 0 .9 7 192 99 190

19 1 9 -5 0 .9 8  . 194 89 173

15 1 3 .6 1 .1 218 89 194

11 5 .9 1 .8 6 369 89 328

1 1 .2 5 5 .6 2 .0 1 398 89 354

16 1 2 .5 1 .2 8 254 89 226

19 1 8 .2 1 .0 5 208 89 185

23 30 0 .7 7 153 99 151

2 7 .2 3 9 .5 0 ,6 9 137 99 136

36 6 2 .5 0 .5 8 115 99 114

52 103 0 .5 0 99 104 103

68 158 0 .4 3 85 104 88 .

89 205 0 .4 3 85 102 87

125 250 0 .5 0 99 96 95

148 329 0 .4 5 89 96 85

V is c o s i t y  S hear R a te
(sec  ” 1)
5 .7 5  1 1 .0
1 1 .5  9 .0
23 7 .2
46 5 .9
115 4 .7
230 4 ,0



E x p e r im e n t No. 4

H o t = 4 5  169

F ib r in o g e n  = 460 

P r o te in  = 5 .7

N NCP Q R R C R

160 323 0 .5 0 99 ^6 95

124 263 0 .4 7 93 96 89

9 9 .5 200 0 .5 0 99 102 101

74 150 0 .4 9 97 104 101

51 103 0 .4 9 97 104 101

36 6 5 .8 0 .5 5 109 99 108

26 41 0 .6 3 125 99 124

2 1 .5 30 0 .7 1 140 99 139

15 21 0 .7 139 89 124

9 .5 6 .2 1 .5 3 304 83 252

10 5 .9 1 .6 9 335 83 278

15 13 1 .1 5 228 89 203

1 8 .7 1 9 .5 0 .9 6 190 89 169

2 2 .7 30 0 .7 6 151 99 149

27 40 0 .6 3 125 99 124

3 5 .5 6 2 .5 0 .5 7 113 99 112

49 97 0 .5 0 99 104 103

71 150 0 .4 7 93 104 97

96 200 0 .4 8 95 102 97

118 250 ■ 0 .4 7 ' 93 ■ 98 -9 1

152 . 316 0 .4 8 95 96 91

V is c o s i t y  S h e a r R a te
(se c  ~1)

5 .7 5  1 6 .4
1 1 .5  1 3 .1
23 9 .9
46 7 .6
115 ' 5 .7
230 4 .6



E x p e r im e n t No. 4 I 7O

D e x tra n

p Q R R^

153 300 0 .5 1 101

114 238 0 .4 8 95

88 188 0 .4 7 93

57 130 0 .4 4 87

45 102 0 .4 4 87

32 73 0 .4 4 87

1 9 .5 49 0 .4 0 79

11 16 0 .6 9 137

7 .4 15 0 .4 9 97

4 .4 8 0 .5 5 109

4 .4 6 .5 0 .6 8 134

8 .4 1 0 .8 0 .7 8 154

1 2 .7 18 0 .7 1 141

18 27 0 .6 7 133

2 3 .7 39 0 .6 1 121

38 64 0 .6 0 119

57 102 0 .5 6 111

80 150 0 .5 3 105

1 0 5 .5 207 0 .5 1 101

134 250 0 .5 3 105

169 316 0 .5 4 107



171
E x p e r im e n t No. 5 S hea r R ate f  —1 \(sec )

Hot  = 40 5 .7 5 11 .6

F ib r in o g e n  = 131 11 .5
23

9 . 5
7 .8

P r o t e in  ■= 3 .7 46 6 . 4
115 4 . 9
230 4.1

P Q R r” C R̂

1 5 4 .5 322 0 .4 8 101 96 97

120 268 0 .4 5 95 96 91

99 213 0 .4 7 99 102 101

7 9 -7 158 0 .5 0 106 104 110

55 106 0 .5 2 110 104 114

3 1 .7 6 2 .5 0 .5 1 108 99 107

20 34 0 .5 9 125 89 111

1 6 .2 2 0 .5 0 .7 9 167 89 149

1 4 .5 1 2 .6 1 .1 5 243 89 216

1 0 .5 7 .8 1 .3 5 285 83 237

1 4 .5 1 2 .2 1 .1 9 251 89 223

1 7 .2 1 8 .2 0 .9 5 201 89 179

20 27 0 .7 3 154 89 137

25 43 0 .5 8 123 99 122

3 3 .5 5 8 .8 0 .5 7 120 99 119

48 9 6 .8 0 .5 0 106 104 110

69 142 0 .4 9 103 104 107

90 194 0 .4 7 99 102 101

118 250 0 .4 7 99 98 97

<:
155 316 0 .4 9 • 104 96 100

NC



E x p e r im e n t No. 6 

H o t = 49

F ib r in o g e n  = 132 

P r o t e in  = 4 .0

172

p Q R C R^^

166 320 0 .5 2 110 96 106

130 251 0 .5 0 106 96 102

109 214 0 .5 1 108 98 106

85 156 0 .5 4 114 102 116

62 112 0 .5 5 116 104 121

44 73 0 .6 0 127 104 132

29 45 0 .6 4 135 99 134

2 3 .4 3 3 .3 0 .7 0 148 99 147

19 20 0 .9 5 201 89 179

1 5 .7 14 1 .1 3 239 89 213

12 7 .6 1 .5 8 334 89 297

16 1 2 .3 1 .3 0 274 89 . 244

1 8 .7 1 8 .1 1 .0 3 218 89 194

23 29 0 .7 9 167 99 165

26 38 0 .6 8 144 99 143

3 5 .5 62 0 .5 7 120 99 119

51 100 0 .5 1 108 104 112

71 ' 148 0 .4 8 101 104 ' 105

101 207 0 .4 9 104 98 102

1 3 6 .5 238 0 .5 7 120 96 115

163 326 0 .5 0 106 96 102

V is c o s i t y S hea r R a te  
(se c  “ 1)

5 .7 5
1 1 .5
23

1 7 .2
1 3 .0
1 0 .0

46
115
230

7 .5
6 .0
4 .8



E x p e r im e n t No. 5 173

H o t = 5 7

F ib r in o g e n  = 116

P r o te in

P

= 4 .2  

Q R C R*̂ <

193 349 0 .5 5 116 96 111

1 4 8 .5 286 0 .5 2 110 96 106

109 214 0 .5 1 108 98 106

84 161 0 .5 2 110 102 112

63 114 0 .5 5 116 104 121

40 72 0 .5 6 118 99 117

24 31 0 .7 7 162 99 160

1 8 .9 21 0 .9 1 192 89 171

1 4 .5 10 1 .4 5 306 89 272

1 2 .5 7 1 .7 9 378 89 336

15 10 1 .5 317 89 282

19 16 1 .1 9 251 89 223

2 3 .7 29 0 .8 1 171 99 169

29 42 0 .7 0 148 99 147

42 71 0 .5 9 125 104 130

56 106 0 .5 3 112 104 116

84 167 0 .5 0 106 102 108

1 0 3 .7 214 0 .4 8 101 98 99

136 261 0 .5 2 110 96 106

177 333 0 .5 3 112 96 108

V is c o s i t y S hea r R a te
(se c  "" !)

5 .7 5  1 9 .8
1 1 .5  1 5 .0
23 1 1 .4
46 8 .7
115 6 .4
230 5 .6



E x p e r im e n t No. 5 iy i*

D e x tra n

p Q R rN

166 319 0 .5 2 110

131 286 0 .4 6 97

1 0 1 .5 229 0 .4 4 93

74 180 0 .4 1 87

52 136 0 .3 8 80

31 86 0 .3 6 76

21 41 0 .5 1 108

17 39 0 .4 3 91

13 25 0 .5 2 110

9 .7 1 7 .6 0 .5 5 116

7 .5 10 0 .7 5 is 8

7 8 0 .8 8 186

1 0 .5 12 0 .8 8 186

14 1 6 .2 0 .8 6 182

1 8 .5 26 0 .7 148

22 37 0 .5 9 125

32 56 0 .5 8 123

47 91 0 .5 2 110

68 1 3 9 .5 0 .4 9 104

89 200 0 .4 5 95

116 245 0 .4 7 99

150 300 0 .5 0 106



Experiment No. 6
Hot = 1
F ib r in o g e n  = 134 

P r o te in  = 5 .1

p Q R C R̂

92 316 0 .2 9 64 1 .0 2 65

66 259 0 .2 6 57 104 59

50 200 0 .2 5 55 104 57

7 23 0 .3 0 66 83 55

4 .5 1 6 .4 0 .2 7 60 83 50

4 9 .8 0 .4 1 90 83 75

3 .3 1 7 .6 0 .1 9 42 99 42

11 50 0 .2 2 49 89 44

2 1 .2 91 0 .2 3 51 99 50

36 142 0 .2 5 55 99 54

56 205 0 .2 7 60 104 62

82 273 0 .3 0 66 102 67

107 395 0 .2 7 60 98 59

V is c o s i t y  S hea r R a te
(sec  ~1)

5 .7 5  n o t  done
1 1 .5  1 .3
23 1 .3
46 1 .2
115 1 .3
230 1 .2



E x p e r im e n t No. 6 

H o t = 20 

F ib r in o g e n  = 132 

P r o t e in  = 5 .5

176

p Q R R^ C r’

116 357 0 .3 2 71 98 70

84 288 0 .2 9 64 102 65

66 221 0 .3 0 66 104 69

46 174 0 .2 6 57 104 59

31 122 0 .2 5 55 99 54

16 65 0 .2 5 55 89 49

9 .5 35 0 .2 7 60 83 50

5 .5 1 7 .6 0 .3 1 68 83 56

3 .8 1 0 .5 0 .3 6 79 83 66

1 .8 5 .1 0 .3 5 77 83 64

3 .5 10 0 .3 5 77 83 64

6 1 6 .7 0 .3 6 79 83 95

9 .7 32 0 .3 0 66 83 80

1 9 .5 65 0 .3 0 66 89 59

31 107 0 .2 8 62 99 61

45 164 0 .2 7 60 104 62

62 217 0 .2 9 64 104 67

83 273 0 .3 0 66 102 67

1 0 8 .5 326 0 .3 3 73 98 72

147 . 405. - 0 .3 6 , 79 V . 96 (7 6

V is c o s i t y  S h e a r R a te
(s e c  ” 1)

5 .7 5  2 .1
1 1 .5  2 .7
23 2 .8
46 2 .5
115 2 .4
230 2 .3

NC



E x p e r im e n t No. 6 

H o t = 35 

F ib r in o g e n  = 70 

P r o te in  = 4 .7

p Q R R^ C R̂

138 341 0 .4 0 88 96 85

1 0 7 .5 273 0 .3 9 86 98 84-

82 214 0 .3 8 84 102 86

60 162 0 .3 7 82 104 85

39 117 0 .3 3 73 99 72

25 77 0 .3 5 77 99 76

1 5 .2 37 0 .4 2 93 89 83

1 1 .5 27 0 .4 3 95 • 89 85

9 .0 1 6 .7 0 .5 4 119 83 99

6 .7 1 0 .2 0 .6 6 146 83 121

4 .0 55 0 .7 2 159 83 132

6 .5 9 .7 0 .6 7 148 83 123

9 .2 1 5 .4 0 .6 0 132 83 110

1 7 .4 44 0 .4 0 88 89 78

2 4 .5  . 61 0 .4 0 88 99 87

3 8 .5 107 0 .3 6 79 99 78

58 160 0 .3 6 79 104 82

78 211 0 .3 7 82 104 85

100 258 0 .3 9 86 102 88

133 333 0 .4 0 88 96 85

NC

177

v i s c o s i t y S h e a r R a te  
(se c  :

5 .7 5  6 .6
1 1 .5  5 .8
23 5 .1
46 4 .4
115 3 .6
230 3 .2



Experiment No. 6
Hot = 40
F ib r in o g e n  = 126 

P r o t e in  4 .8

17 8

p Q R C

139 319 0 .4 4 97 96 93

107 250 0 .4 3 95 98 93

86 193 0 .4 4 97 102 99

63 143 0 .4 4 97 104 101

42 1 0 3 .4 0 .4 1 90 104 94

2 6 .2 7 1 .4 0 .3 7 82 99 81

1 7 .7 42 0 .4 2 93 89 83

14 2 7 .2 0 .5 1 113 89 101

10 1 7 .1 4 0 .5 8 128 83 106

7 9 .5 0 .7 4 163 83 196

45 4 .5 1 .0 221 83 266

1 0 .3 1 5 .7 0 * 66 146 83 176

1 8 .6  • 36 0 .5 2 115 89 102

32 79 0 .4 1 90 99 89

5 0 .5 126 0 .4 0 88 104 92

73 176 0 .4 1 90 104 94

1 0 8 .5 229 0 .4 7 104 98 102

134 300 0 .4 4 97 96 93

178 375 0 .4 7 104 96 100

V is c o s i t y  S hea r R a te
(se c  “ 1)

5 .7 5  9 .2
1 1 .5  7 .9
23 6 .5
46 5 .3
115 4 .2
230 3 .6



E x p e r im e n t No. 6 179

D e x tra n

p Q R r ”

176 366 0 .4 8 106

146 294 0 .5 0 110

117 248 0 .4 7 104

90 196 0 .4 6 101

67 146 0 .4 6 101

4 3 -5 103 0 .4 2 93

19 29 0 .6 6 146

9 2 0 .3 0 .4 4 97

5 1 0 .9 0 .4 6 101

3 6 .6 0 .4 5 100

5 8 .8 0 .5 7 126

8 .7 15 0 .5 8 128

1 2 .5 2 2 .5 0 .5 5 121

24 45 0 .5 3 117

36 79 0 .4 6 101

50 111 0 .4 5 100

7 0 .5 171 0 .4 1 90

91 217 0 .4 2 93

125 275 0 .4 5 99

152 ■ 330 ■ '0 .46 ■ 101



E x p e r im e n t  No. 7 

H o t = 39 

F ib r in o g e n  = 17 

P r o t e in  = 4 .0

180

p Q R C

1 6 6 .5 405 0 .4 1 107 96 103

14 24 0 .5 8 151 89 134

5 .2 5 .9 0 .8 8 229 83 190

3 .8 5 .0 0 .7 5 198 83 164

112 1 5 .5 0 .7 2 188 98 184

174 423 0 .4 1 107 96 103

123 329 0 .3 7 96 96 92

1 0 4 .5 259 0 .4 0 104 98 102

171 370 0 .4 6 119 96 114

1 6 .7 3 2 .6 0 .5 1 133 89 118

6 .7 8 .9 0 .7 5 195 83 162

2 .5 2 .6 0 .9 6 250 83 208

118 315 0 .3 7 96 98 94

57 143 ' 0 .4 0 104 104 108

34 92 0 .3 7 96 99 95

53 54 0 .9 8 106 104 110

V is c o s i t y  S h e a r R a te
(se c  “ 1)

5 .7 5  8 .7
1 1 .5  7 .4
23 -  6 .5
46 5 .4
115 4 .4
230 3 .8



E x p e r im e n t No. 7 

H o t = 48 

F ib r in o g e n  = 55 

P r o t e in  = 3 .5

181

p Q R R^ C R ^^

152 353 0 .4 3 112 96 108

1 4 9 .5 341 0 .4 4 115 96 110

87 200 0 .4 4 115 ■ 102 117

2 3 .7 2 7 .6 0 .8 6 224 99 222

4 .7 4 .4 1 .0 7 279 83 232

4 .7 4 .0 1 .1 8 307 83 255

7 6 .7 1 .0 4 271 83 225

147 366 0 .4 0 104 96 100

V is c o s i t y  S hea r R a te
(sec  ~1)

5 .7 5  1 3 .2
1 1 .5  1 0 .9
23 8 .7
46 6 .9
115 5 .0
230 4 .0



Experiment No. 7

H o t = 5 9  182

F ib r in o g e n  = 55 

P r o t e in  = 3 . 5

p Q R R^ C

131 273 0 .4 8 125 96 12 b

105 222 0 .4 7 122 98 120

4 4 .5 75 0 .5 9 154 104 160

1 6 .5 16.5 1 .0 260 89 231

7 .2 5 .5 1 .3 1 341 83 283

6 .2 4 .5 1 .3 8 359 83 298

70 160 0 .4 4 115 104 120

74 162 0 .4 6 120 104 125

151 330 0 .4 6 120 96 115

V is c o s i t y  S hear R a te
(sec  1)

5 .7 5  2 6 .6
1 1 .5  1 8 .8
23 1 3 .9
46 1 0 .3
115 7 .6
230 6 .7



Experiment No. 7 1 83
Dextran

p Q R rN

79 176 0 .4 5 117

5 1 2 .7 0 .3 9 101

2 .8 9 0 .3 1 81

3 8 .9 0 .3 4 89

41 136 0 .3 0 78

40 140 0 .3 8 73

180 370 0 .4 9 114

137 306 0 .4 5 112



E x p e r im e n t No. 8 

H o t = 20

F ib r in o g e n  = 246 

P r o te in  = 5 .2

1 84

p Q R R^ C

151 390 0 .3 9 83 96 80

8 6 .5 244 0 .3 5 75 102 77

7 .2 16 0 .4 5 96 83 80

4 .2 6 .8 0 .6 1 130 83 108

1 .7 3 .1 0 .5 5 117 83 97

4 .2 6 .2 0 .6 8 145 83 120

3 9 .2 119 0 .3 3 70 99 69

160 417 0 .3 8 81 96 78

1 0 8 .5 278 0 .3 9 83 98 81

V is c o s i t y  S hea r R a te
(se c  “ 1)

5 .7 5  2 .4
1 1 .5  2 .5
23 2 .5
46 2 .3
115 2 .2
230 2 .2



E x p e r im e n t  No, 8 

H o t = 28

F ib r in o g e n  = 290 

P r o t e in  = 5 .6

p Q R R^ C R^^

159 385 0 .4 1 87 96 84

122 300 0 .4 1 87 96 84

3 7 .5 125 0 .3 64 99 63

4 .2 9 0 .4 7 100 87 83

3 .5 6 .8 0 .5 1 109 83 90

1 .7 3 .2 0 .5 3 113 83 94

7 .0 1 3 .2 0 .5 3 113 83 94

■ 64 ■ 186 0 ,3 4 72 104 75

159 394 0 .4 0 85 96 82

V is c o s i t y  S hea r R a te
(sec “ 1)

5 .7 5  3 .6
1 1 .5  3 .4
23 3 .3
46 3 .0
115 2 .9
230 2 .8

185



E x p e r im e n t N o. 8 

H o t = 45 

P r o te in  = 5 .6

186

p Q R R^ C R ^^

165 337 0 .4 9 104 96 100

1 5 7 .5 345 0 .4 6 98 96 94

92 215 0 .4 3 91 102 93

1 5 .5 2 8 .3 0 .5 5 117 89 104

6 .2 8 0 .7 8 166 83 138

3 .5 4 .5 0 .7 8 166 83 138

5 .8 7 .4 0 .7 8 166 83 138

1 4 .4 2 3 .5 0 -6 1 130 89 116

9 5 .5 252 0 .3 8 81 102 83

1 5 9 .5 370 0 .4 3 91 96 87

9 8 .7 229 0 .4 3 91 102 93

v i s c o s i t y  S hea r R a te
(se c  “ 1)

5 .7 5  9 .2
1 1 .5  7 .8
23 6 .4
46 5 .3
115 4 .3
230 3 .8



E x p e r im e n t  No. 8

H o t = 5 1  ‘ 187

F ib r in o g e n  = 132 

P r o t e in  = 5 .6

p Q R R^ C R^(

153 312 0 .4 9 104 96 . 99

9 2 .3 208 0 .4 4 94 98 92

1 7 .2 5 2 8 .4 0 .6 1 130 89 116

6 .5 7 .5 0 .8 7 185 83 154

4 3 .6 1 .1 1 236 83 196

5 .7 6 .4 0 .8 9 189 83 157

100 265 0 .3 8 81 102 83

151 323 0 .4 7 100 96 96

166 331 0 .5 0 106 96 102

1 0 6 .5 216 0 .4 9 104 98 102

1 8 .5  . 25 _ 0 .7 4 157 89 140

6 .2 7 .1 0 .8 6  ■ 183 83 152

4 .7 4 1 .1 8 251 83 208

1 2 .5 1 3 .6 0 .9 2 196 89 174

90 200 0 .4 5 96 102 98

142 291 0 .4 9 104 96 100

V is c o s i t y  r _ - S hea r R a te -  
(se c  ~ 1 ) ' .

5 .7 5  1 5 .8
1 1 .5  1 2 .5
23 9 .6
46 7 .5
115 5 .9
230 5 .2



E x p e r im e n t No. 8 ^gg

D e x tra n

p Q R r“

189 375 0 .5 0 106

114 245 0 .4 7 100

1 0 .8 15 0 .7 2 153

1 0 .5 16 0 .6 6 140

3 4 0 .7 5 160

2 .6 3 .8 0 .6 8 145

1 .2 1 .5 0 .8 0 170

1 5 .9 • 34 0 .4 6 98

143 278 0 .5 1 109

187 368 0 .5 1 109



E x p e r im e n t No. 9 

H o t = 22

F ib r in o g e n  = 192 

P r o te in  = 5 .1

189

p Q R R^ C R ^^

121 278 0 .4 4 86 96 83

157 340 0 .4 5 88 96 84

73 179 0 .4 1 80 104 83

1 9 .7 33 0 .6 0 117 89 104

19 .1 35 0 .5 5 107 89 95

5 .9 8 .1 0 .7 3 143 83 119

4 .0 3 .9 1 .0 3 201 83 167

5 .7 6 0 .9 5 186 83 154

74 217 0 .3 4 66 104 69

1 29 .5 300 0 .4 2 82 96 79

104 239 0 .4 4 86 98 84

V is c o s i t y  S hea r R a te
(se c  ~1)

5 .7 5  2 .8
1 1 .5  2 .7
23 2 .7
46 2 .5
115 2 .4
230 2 .2



1 9 0

Experiment No. 9
Hot = 29
F ib r in o g e n  = N .A .

P r o t e in = N .A .

P Q R R R^ C R ^^

7 8 .5 184 0 .4 3 0 .5 1 84 104 87

1 1 0 .5 300 0 .3 7 72 98 71

2 2 .3 43 0 .5 2 102 99 101

1 9 .7 3 7 .5 0 .5 3 104 89 93

6 .5 8 .8 0 .7 4 145 83 120

4 .5 3 .9 1 .1 5 225 83 187

6 .8 6 .8 1 .0 195 83 162

3 9 .2 136 0 .2 9 57 99 56

9 1 .5 259 0 .3 5 68 102 69

152 333 0 .4 6 90 96 86

V is c o s i t y  S hea r R a te
(se c  -1 )

5 .7 5  3 .8
1 1 .5  4 .0
23 3 .6
46 3 .3
115 3 .0
230 2 .8



191

E x p e r im e n t  No. 9 

H o t = 42

F ib r in o g e n  = 210 

P r o t e in  = 4 .8

p Q R R C R " "

136 273 0 .5 0 98 96 94

157 326 0 .4 8 94 96 90

6 3 .5 119 0 .5 3 104 104 108

1 3 .3 1 9 .4 0 .6 9 135 89 120

1 1 .7 1 3 .5 0 .8 7 170 89 151

7 .5 7 1 .0 7 209 83 173

5 .2 3 .7 1 .41 275 83 228

5 .6 3 .5 1 .6 3 .3 83 260

7 .8 6 .1 1 .2 8 250 83 208

3 2 .2 7 9 .4 0 .4 1 80 99 79

162 339 0 .4 8 94 96 90

121 250 0 .4 8 94 96 90

V is c o s i t y  S hear R a te
(sec  " 1 )

5 .7 5  7 .8
1 1 .5  7 .2
23 6 .0
46 5 .0
115 4 .0
230 3 .5



Experiment No. 9
Hot = 47
F ib r in o g e n  = 156

192

P r o te in = 4 .7

P Q R R^ C R^^

1 3 6 .5 242 0 .5 6 109 96 105

159 228 0 .5 7 111 96 107

2 6 .2 42 0 .6 3 123 99 122

8 .2 11 0 .7 5 146 83 121

5 .2 4 .4 1 .2 0 234 83 194

7 .9 6 .9 1 .1 4 223 83 185

3 2 .5 67 0 .4 9 96 99 95

89 202 0 .4 4 86 102 88

152 297 0 .51 100 96 96

V is c o s i t y  S hear R a te
(sec “ 1)

5 .7 5  1 2 .4
1 1 .5  1 0 .3
23 7 .9
46 6 .2
115 4 .9
230 4 .4



193

E x p e r im e n t N o . 9

H c t = 70 

F ib r in o g e n  = 84 

P r o t e in . = N .A .

P Q R R^ C R ^^

122 .3 1 8 7 .5 0 .6 5 129 96 122

59 81 0 .7 3 143 104 149

23 2 4 .5 0 .9 4 184 99 182

10 .3 7 .5 1 .3 7 268 83 222

8 4 .9 1 .6 3 318 83 264

7 i6 3 .4 2 .2 4 438 83 364

1 1 .5 6 1 .9 2 375 89 334

2 3 .4 20 1 .1 7 229 99 227

95 150 0 .6 4 125 102 128

137 226 0 .6 1 119 96 114

V is c o s i t y  S hea r R a te
(se c  ~1)

5 .7 5  19
1 1 .5  15
23 1 2 .5
46 1 0 .3
115 8 .4
230 7 .5



194
Experiment No. 9

Dextran

p Q R R R

1 4 9 .5 265 0 .5 6  . 0 .5 1  109

5 3 .7 113 0 .4 7 92

9 .2 24 0 .3 8 74

5 88 0 .5 7 111

3 .2 6 0 .5 3 104

3 .1 5 0 .6 0 117

5 .3 7 .3 0 .7 3 143

63 120 0 .5 3 104

107 250 0 .4 3 84

168 294 0 .5 7 111

122 260 0 .4 7 93

129 243 0 .5 3 104

135 255 0 .5 3 104

148 ' 265 52 102



195

E x p e r im e n t No. 10 

H c t = 17

F ib r in o g e n  = 144 

P r o te in  = 5 .2

p Q R R R " C R " "

59 200 0 .3 0 0 .4 5 66 104 69

95 303 0 .3 1 69 102 70

4 5 .5 107 0 .4 3 95 104 99

4 .1 6 0 .6 8 150 83 125

4 .1 4 .6 0 .8 9 197 83 164

2 .6 3 0 .8 7 192 83 159

4 .1 4 1 .03 228 83 189

4 8 .5 162 0 .3 0 66 104 69

99 353 0 .2 8 62 102 63

81 250 0 .3 2 71 102 72

20 . 65 0 .3 1 96 89 85

V is c o s i t y S hear R a te
(sec  1)

5 .7 5 2 .6
1 1 .5 2 .6
23 2 .3
46 2 .3
115 2 .1
230 2 .0



196

E x p e r im e n t No. 10 

H c t = 44

F ib r in o g e n  = 225 

P r o te in  = 4 .9

p Q R R^ C R ^^

134 286 0 .4 6 102 96 98

58 136 0 .4 2 93 104 97

12 13 0 .9 2 203 89 181

7 .8 5 .7 1 .3 6 301 83 250

6 .2 3 .4 1 .8 2 402 83 334

5 5 .4 151 0 .3 6 80 104 83

133 300 0 .4 3 95 96 91

V is c o s i t y  S hea r R a te
(se c  1)

5 .7 5 8 .8
1 1 .5 7 .7
23 7 .0
46 5 .4
115 4 .0
230 3 .5



197

Experiment No. 10
Hct = 63
F ib r in o g e n  = 222 

P r o te in :  = 5 .3

p Q R R C R " "

114 225 0 ,5 1 113 98 111

4 1 .5 5 5 .5 0 .7 5 166 104 173

9 5 .4 1 .6 7 369 83 306

8 .4 3 .3 2 .5 5 564 83 468

1 0 .5 4 2 .6 2 579 83 481

3 3 .8 4 2 .5 0 .8 0 177 99 175

72 125 0 .5 8 128 104 133

1 2 7 .5 234 0 .5 4 119 96 114

V is c o s i t y  S hea r R a te
(se c  “ 1)

5 .7 5  1 6 .4
1 1 .5  1 3 .4
23 1 0 .9
46 8 .8
115 7 .1
230 6 .5



198.

Experiment No, iO
Dextran

p Q R R "

131 263 0 .5 0 110

69 159 0 .4 3 95

1 6 .5 31 0 .5 4 119

3 .7 7 .2 0 .5 1 112

2 .3 4 .6 0 .5 0 110

133 283 0 .4 7 104

75 185 0 .4 1 91



E x p e r im e n t No. 11 

H c t = 1 1

F ib r in o g e n  = 256 

P r o te in  = 4 .5

199

p Q R R^ C R ^^

61 214 0 .2 8 99 61 104

8 7 .5 254 0 .3 4 121 74 102

3 0 .3 123 0 .2 5 89 54 99

1 .3 4 0 .3 3 117 72 83

6 .2 23 0 .2 7 96 59 83

3 0 .4 136 0 .2 2 78 48 99

9 5 .3 294 0 .3 2 113 70 102

V is c o s i t y  S hea r R a te
(se c  “ 1)

5 .7 5 1 .8
1 1 .5 1 .6
23 1 .6
46 1 .6
115 1 .6
230 1 .5



E x p e r im e n t  No. 11 

H c t = 49

F ib r in o g e n  = 2 .2  

P r o t e in  = 3 .6

2 00

p Q R C R ^^

96 - 20 0 .4 8 104 102 106

3 8 .1 86 0 .4 4 96 99 95

4 .2 3 .4 1 .2 4 270 83 224

7 .3 10 0 .7 3 159 83 132

51 136 0 .3 8 83 104 86

54 136 0 .4 0 87 104 90

132 273 0 .4 8 104 96 100

93 195 0 .4 8 104 102 106

V is c o s i t y  S hea r R a te
(se c  “ 1)

5 .7 5  9 .8
1 1 .5  8 .4
23 6 .5
46 5 .0
115 3 .9
230 3 .4



E x p e r im e n t No. 11

H c t = 6 2  201

F ib r in o g e n  = 232 

P r o t e in  =  5 .0

p Q R R^ C R ^^

57 100 0 .5 7 124 104 129

120 234 0 .5 4 117 96 112

62 120 0 .5 2 113 104 118

1 7 .8 31 0 .5 7 124 89 110

7 7 .5 0 .9 3 202 83 168

4 .8 4 1 .2 261 8 .3 217

7 .3 6 .8 1 .0 7 233 83 193

32 71 0 .4 5 98 99 97

83 17.9 0 .4 6 100 102 102

126 231 0 .5 5 120 96 115

V is c o s i t y  S hea r R a te
(se c  “ 1)

5 .75  16 .8
11 .5  12 .4
23 9 .3
46 6 .9
115 5 .3
230 4 .7



E x p e r im e n t No. 11 202

D e x tra n

p Q R R^

1 2 2 .5 240 0 .5 1 110

53 128 0 .4 2 91

1 6 .2 41 0 .4 0 87

5 .2 8 0 .6 5 141

6 .5 7 .0 0 .9 3 202

9 .6 15 64 139

72 176 0 .4 1 89

125 250 0 .5 0 109



E x p e r im e n t  No. 12 

H c t = 37

F ib r in o g e n  = 296 

P r o t e in  = 4 .3

p Q R R R

1 1 4 .5 226 0 .5 1 0 .6 4 80

117 254 0 .4 6 72

9 9 .3 200 0 .5 0 78

8 1 .5 150 0 .5 4 84

59 100 0 .5 9 92

40 62 0 .6 5 101

1 9 .7 27 0 .7 3 114

5 .7 7 0 .8 1 126

4 .8 3 1 .6 250

1 0 .2 9 1 .1 3 176

1 6 .5 1 3 .5 1 .2 2 190

2 2 .3 2 9 .4 0 .7 6 119

3 2 .7 56 0 .5 9 92

52 90 0 .5 8 90

7 8 .5 148 0 .5 3 83

98 200 0 .4 9 76

1 1 6 .3 261 0 .4 5 70

9 5 .6 190 0 .5 0 78

7 6 .7 1 3 1 .6 0 .5 8 90

5 2 .2 80 0 .6 5 101

33 4 3 .1 0 .7 7 120

2 0 .6 20 1 .0 3 161

1 1 .7 10 1 .1 7 182

5 .6 4 .4 1 .2 7 198

V is c o s i t y S hea r R a te
(se c ■1)

5 .7 5 ■ ' 6 .7 - -

1 1 .5 5 .8
23 5 .0
46 4 .4
115 4 .0
230 3 .6

2 0 3

c

98 78

98 71

102 80

102 86

104 96

99 100

89 101

83 105

83 208

83 146

89 169

99 118

99 91

104 94

104 86

102 7 7 .5

98 69

102 80

104 94

104 105

99 119

89 143

89 162

83 164



E x p e r im e n t No. 12
2 0 4

D e x tra n

p Q R

211 326 0 .6 5

1 7 1 .4 254 0 .6 7

1 3 2 .4 214 0 .6 2

93 156 0 .6 0

63 107 0 .5 9

2 9 .4 41 0 .7 2

8 .1 1 5 .8 0 .5 1

3 .2 6 0 .5 3

8 .5 12 0 .7 0

1 4 .8 1 9 .4 0 .7 6

3 0 .7 45 0 .6 8

6 3 .2 94 0 .6 7

9 6 .2 149 0 .6 5

1 3 2 .5 2 0 5 .5 0 .6 4



E x p e r im e n t No. 13 

H c t = 34

F ib r in o g e n  = 174 

P r o t e in  = 4 .6

2 0 5

p Q R RÜ R^ C R^^

114 233 0 .4 2 0 .5 2 81 98 79

90 195 0 .4 6 89 102 91

64 139 0 .4 6 89 104 93

47 91 0 .5 1 98 104 102

25 41 0 .6 0 116 99 115

1 54 .7 20 0 .7 4 143 89 127

1 0 .5 10 1 .0 5 203 83 168

6 .6 4 ,3 1 .5 3 295 83 245

11 10 1 .1 212 89 189

1 5 .5 1 9 .5 0 .8 0 154 89 137

2 7 .7 58 0 .4 8 93 99 92

46 104 0 .4 4 85 104 88

73 172 0 .4 2 81 104 84

100 234 0 .4 2 81 102 83

141 319 0 .4 4 85 96 . 82

V is c o s i t y  S h e a r R a te
(se c  “ 1)

5 .7 5  5 .4
1 1 .5  4 .9
23 4 .1
46 3 .5
115 3 .2
230 3 .1



2 0 6

E x p e r im e n t No. 13 

H c t = 34

F ib r in o g e n  = 174 

P r o t e in  = 4 .6

r”  C R™

49 78 0 .6 3  0 .5 2  122 104 127

138 300 0 .4 6  89 96 85

99 210 0 .4 7  91 102 93

70 '  140 0 .5 0  96 104 100

18 21 0 .8 6  166 89 148

11 10 1 .1  212 89 189

23 34 0 .6 8  131 99 130

44 77 0 .5 8  112 104 116

63 130 0 .4 8  93 104 97

89 196 0 .4 5  87 102 89

124 273 0 .4 5  87 96 84

v i s c o s i t y S hea r R a te
(se c " D

5 .7 5 5 .2
1 1 .5 4 .5
23 4 .3
46 3 .8
115 3 .3
230 3 .1



E x p e r im e n t No. 

D e x tra n

13

P Q R

103 188 0 .5 5

65 128 0 .5 1

1 5 .5 22 0 .7 0

9 .4 1 0 .7 0 .8 8

5 .5 6 0 .9 2

8 8 .3 0 .9 6

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

46 86 0 .5 4

75 150 0 .5 0

111 222 0 .5 0

149 291 0 .5 1

2 0 7



208

E pcperim en t No. 14 

H c t = 33 

F ib r in o g e n  = 0

P r o t e in  = 5 .5

p Q R R^ C R^^

5 0 .5 103 0 .4 9 112 104 116

33 75 0 .4 4 101 99 100

2 1 .5 45 0 .4 7 108 99 107

14 26 0 .5 4 124 89 110

9 1 5 .8 0 .5 7 131 83 109

6 1 1 .8 0 .5 1 117 83 97

4 .5 7 .5 0 .6 138 83 115

6 .5 1 0 .9 0 .6 0 138 83 115

9 1 4 .3 0 .6 3 147 83 122

13 25 0 .5 2 119 89 106

1 7 .6 35 0 .5 0 115 89 102

3 0 .5 70 0 .4 4 101 99 100

40 105 0 .3 8 87 99 86

5 6 .5 150 0 .3 8 87 104 90

75 196 0 .3 8 87 . 104 90

9 3 .5 234 0 .4 0 92 102 94

116 - 293 -0 .4 0 . - 92 \  98 90

V is c o s i t y  S hea r R a te
(se c  “ 1)

5 ,7 5  5 .8
1 1 .5  5 .1
23 4 .5
46 4 .0
115 3 .5
230 3 .3



Experiment No. 14

Hct = 33 (2nd run)
Protein = 5.5

2 0 9

p Q R R^ C R ^^

1 0 0 .5 231 0 .4 3 5 101 102 103

73 185 0 .3 9 5 92 104 96

57 143 0 .4 0 92 104 96

40 94 0 .4 2 5 99 99 98

2 8 .5 6 2 .5 0 .4 6 106 99 105

1 6 .5 33 0 .5 0 115 89 102

14 23 0 .6 1 140 89 125

1 1 -5 13 0 .8 8 202 89 180

B 9 0 .8 9 204 83 169

7 7 1 .0 229 83 190

8 .7 5 . 9 0 .9 7 223 83 185

1 1 .5 15 0 .7 7 177 89 158

15 24 0 .6 5 2 145 89 129

28 64 0 .4 4 101 99 100

39 100 0 .3 9 90 99 89

56 150 0 .3 7 85 104 88

74 188 0 .3 9 90 104 94

V is c o s i t y S hea r
(se c

r a t e
-1 )

5 .7 5
1 1 .5
23
46
115
230

5 .9
5 .2
4 .5  
4 .1
3 .5  
3 .4



Experiment No. 14 210
Dextran

p Q R rN

81 214 0 .3 8 87

62 158 0 .3 9 90

38 97 0 .3 9 90

1 3 .0 41 0 .3 2 73

7 .0 20 0 .3 5 80

5 12 0 .4 2 96

21 40 0 .5 3 122

8 .5 20 0 .4 3 99

13 33 0 .3 9 90

1 9 .5 55 0 .3 5 90

2 7 .5 68 0 .4 0 92

3 9 .5 111 . 0 .3 6 83

5 6 .5 158 0 .3 6 83

7 4 .5 200 0 .3 7 85

121 275 0 .4 4 101

129 300 0 .4 3 99

135 293 0 .4 6 106

142 346 0 .4 1 94



E x p e r im e n t  No. 15 S hea r R a te  (se c

H c t = 37 

1 F ib r in o g e n  = 0

5 .7 5  
11 .5
23

7 .2
6 .4
5 .5

P r o t e in  •= 5 .5 46
115
230

4 .5
3 .8
3 .4

P Q R r^ C

90 250 0 .3 6 94 102 96

72 207 0 .3 5 91 104 95

54 158 0 .3 4 89 104 93

3 8 .5 111 0 .3 5 91 99 90

27 75 0 .3 6 94 99 93

18 44 0 .4 1 107 89 95

13 34 0 .3 8 99 89 88

9 .5 19 0 .5 0 130 83 108

7 1 3 .3 0 .5 3 138 83 115

6 10.. 9 0 .5 5 143 83 119

7 .5 1 2 .8 0 .5 8 151 83 125

9 .5  . 1 9 .5 0 .4 8 125 83 104

1 3 .5 28 0 .4 8 125 89 111

1 7 .5 41 0 .4 3 112 89 100

2 7 .5 71 0 .3 9 102 99 101

3 7 .5 107 0 .3 5 91 99 ■ 90

5 3 .5 154 0 .3 5 91 104 95

72 211 0 .3 4 88 . .104 92

89 250 0 .3 6 94 102 96

114 310 0 .3 7 96 98 94

211



2 1 2

E x p e r im e n t No. 15 S hea r R ate (se c

H c t ^  3 7  (2nd ru n ) 5 .7 5 7 .2

F ib r in o g e n  = 0 1 1 .5
23

6
5

.4

.5
P r o t e in  = 5 .5 46 4 .5

115 3 .B
230 3 .4

P Q R r”
C

107 285 0 .3 8 99 98 97

84 234 0 .3 6 94 102 96

69 120 0 .3 6 94 104 98

51 150 0 .3 4 89 104 93

38 103 0 .3 7 96 99 95

28 65 0 .4 3 112 99 111

1 7 .5 34 0 .5 1 133 89 118

1 3 .5 23 0 .5 9 154 89 137

10 1 3 .3 0 .7 5 195 83 162

8 .7 5 1 1 .3 0 .7 8 203 83 168

8 .2 5 8 1 .0 3 268 83 222

9 1 0 .9 0 .8 3 213 83 177

1 1 .5 1 5 .2 5 0 .7 5 195 89 174

15 2 3 .5 0 .6 3 164 89 146

18 3 1 .5 0 .5 7 148 89 132

27 65 0 .4 2 109 99 108

3 6 .5 100 0 .3 7 ' 96 ' 99 95

52 150 0 .3 5 91 104 95

6 9 .5 190 0 .3 7 96 104 100

82 230 0 .3 6 94 102 96

106 290 0 .3 7 96 98 94



2 1 3

E x p e r im e n t  N o . 15 

D e x tra n

p Q R rN

130 312 0 .4 2 109

103 250 0 .4 1 107

84 209 0 .4 0 104

62 155 0 .4 0 104

41 107 0 .3 8 100

28 75 0 .3 7 96

22 51 0 .4 3 112

15 34 0 .4 4 114

8 .5 1 9 .7 0 .4 3 112

6 15 0 .4 0 104

5 .8 1 0 .5 0 .5 5 143

6 .7 1 2 .7 7 0 .6 0 156

8 .5 18 0 .4 7 122

14 32 0 .4 4 114

18 45 0 .4 0 104

26 71 0 .3 7 96

3 6 .5 103 0 .3 5 91

53 150 . : 0 .3 5 91

69 194 0 .3 6 94

88 231 0 .3 8 99

109 278 0 .3 9 102



2 1 4

Experiment No. 16
Hct = 30
Protein = 5.6

V is c o s i t y S h e a r R a te  
(se c  "^1)

5 .7 5  -  7 .6
1 1 .5  -  7 .2
23 -  6 .0
46 -  5 .0
115 -  4 .1
230 -  3 .5

p Q R R^ C R^^

137 319 0 .4 3 100 96 96

116 250 0 .4 6 107 98 105

9 0 .7 200 0 .4 5 104 102 106

7 1 .5 146 0 .4 9 114 104 119

50 100 0 .5 0 116 104 121

3 3 .7 6 5 .2 0 .5 2 121 99 120

22 42 0 .5 3 123 99 122

1 4 .8 2 8 .3 0 .5 2 121 89 108

1 2 .5 18 0 .6 9 160 89 142

1 0 .7 13 0 .8 2 190 83 158

6 .3 6 .4 0 .9 8 227 83 188

12 14 0 .8 6 200 89 178

16 20 0 .8 0 186 89 166

2 0 .7 29 0 .7 2 167 89 149

26 42 0 .6 2 144 99 143

3 6 .8 6 6 .7 0 .5 5 128 99 127

5 2 .3 100 0 .5 2 121 104 126

69 ' 150 0 .4 5 : 104 ■ *: 104 ' '1 0 8

9 2 -8 200 0 .4 6 107 102 109

116 254 0 .4 6 107 98 105

'150 316 0 .4 8 111 96 107



H c t = 35 

F ib r in o g e n  = 0 

P r o te in  = 5 .4

2 1 5

p Q R R^ C R^(

138 319 0 .4 3 100 96 96

109 270 0 .4 0 93 98 91

8 8 .5 211 0 .4 2 97 102 99

65 163 0 .4 0 93 104 97

4 6 .5 104 0 .4 5 104 104 108

3 2 .7 69 0 .4 7 109 99 108

2 2 .5 45 0 .5 0 116 99 115

17 31 0 .5 4 125 89 111

12 22 0 .5 5 128 89 114

9 .5 0 .6 3 146 83 121

4 .5 6 .2 0 .7 3 169 83 140

9 .5 14 0 .6 8 158 83 131

12 18 0 .6 6 153 89 136

17 29 0 .5 9 137 89 122

2 0 .6 4 0 .5 0 .5 1 118 89 105

3 1 .5 69 0 .4 6 107 99 106

44 107 0 .4 1 95 104 99

6 0 .5 154 0 .3 9 90 104 94

81 207 0 .3 9 90 102 92

100 270 0 .3 7  . 86 .1 0 2 88

V is c o s i t y S hea r R a te
(se c  “ 1)

5 .7 5 7 .0
1 1 .5 6 .5
23 5 .3
46 4 .6
115 3 .8
230 ' 3 .4



2 1 6

E x p e r im e n t  No. 16 V is c o s i t y  S hear R a te
(se c  "̂ 1 )

H c t = 37
5 .7 5  -  1 0 .2
1 1 .5  -  7 .7

P r o t e in  = 5 . 6  23 -  6 .3
46 -  5 .2
115 -  4 .2
230 -  3 .6

p Q R R^ C R^^

134 326 0 .4 1 95 96 91

1 0 6 .5 260 0 .4 1 95 98 93

84 200 0 .4 2 97 102 99

65 150 0 .4 3 100 104 104

45 102 0 .4 4 102 104 106

3 0 .5  , 63 0 .4 8 111 99 110

21 41 0 .5 1 118 99 117

1 5 .7 28 0 .5 5 128 89 114

1 1 .5 2 0 .4 0 .5 6 130 89 116

9 .5  . 1 4 .9 0 .5 4 148 83 123

4 .8 7 .2 5 0 .6 6 153 83 127

9 .5 1 4 .3 0 .6 7 155 83 129

1 1 .9 1 9 .4 0 .6 1 142 89 126

1 6 .2 2 8 .8 0 .5 6 130 89 116

2 4 .5 5 3 .6 0 .4 6 107 99 106

3 4 .4 7 8 .9 0 .4 4 102 104 106

48 127 0 .3 8 88 104 ■ 92

6 6 .7 165 0 .4 0 93 104 97

88 234 0 .3 8 88 102 90

110 268 0 .4 1 95 98 93

1 3 7 .5 303 0 .4 4 102 96 98



2 1 7
Experiment No. 16
Dextran

p Q R R^

1 4 7 .5 316 0 .4 7 109

125 254 0 .4 9 114

1 0 3 .5 203 0 .5 1 118

82 158 0 .5 2 121

46 110 0 .4 2 97

30 71 0 .4 2 97

17 45 0 .3 8 88

13 31 0 .4 2 97

8 .5 20 0 .4 3 100

6 .8 14 0 .4 9 114

3 .2 7 ,2 0 .4 4 102

6 .8 1 2 .2 0 .5 5 128

9 .7 18 0 .5 3 123

1 2 .5 28 0 .4 5 104

1 6 .4 38 0 .4 3 100

2 4 .5 65 0 .3 8 88

37 100 0 .3 7 86

5 3 .3  - j -146 -, (0 .3 6 84

7 4 .5 200 0 .3 7 86

95 246 0 .3 9 90

1 2 6 .5 309 0 .4 1 95



E x p e r im e n t No. 17 

H c t = 40 

F ib r& n o g e n  = 0 

P r o te in  = 5 .0

2 1 8

p Q R C rN̂

119 272 0 .4 4 93 98 91

1 0 0 .4 214 0 .4 7 99 102 101

77 158 0 .4 9 104 104 108

5 4 .8 107 0 .5 1 108 104 112

4 6 .4 81 0 .5 7 120 104 125

36 52 0 .7 0 148 99 147

30 38 0 .7 9 167 99 165

2 0 .5 1 8 .7 5 1 .0 9 230 89 205

14 6 2 .3 486 89 433

22 . 1 6 .7 1 .3 2 279 99 276

3 1 .5 3 3 .3 0 .9 4 199 99 197

4 3 .4 5 7 .7 0 .7 5 158 104 164

56 8 3 .3 0 .6 7 142 104 148

74 122 0 .6 1 129 104 134

95 165 0 .5 8 123 102 125

123 214 0 .5 7 120 96 115

147 ■273 '0 .5 4 0 .1 1 4 ' 96 109

V is c o s i t y S hear R a te
(se c  1)

5 .7 5  1 0 .6
1 1 .5  8 .5
23 ' 7 .1
46 5 .7
115 4 .6
230 3 .9



2 1 9

Experiment No. 17
Hct = 40 (2nd run)
Protein = 5.0

p Q R rN C R ^^

1 3 2 .5 273 0 .4 9 104 96 100

91 167 0 .5 5 116 102 118

45 75 0 .6 127 104 132

2 2 .5 24 0 .9 4 199 99 197

20 1 5 .8 1 .2 6 266 89 237

17 1 1 .5 1 .4 8 313 89 279

31 35 0 .8 5 188 99 186

56 115 0 .5 7 120 104 125

108 200 0 ,5 4 114 98 112

154 300 0 .5 1 108 96 104



2 2 0

Experiment No. 17
Dextran

p Q R R^

150 324 0 .4 6 97

105 231 0 .4 6 97

61 150 0 .4 1 87

42 95 0 .4 4 93

22 52 0 .4 2 89

1 6 .5 37 0 .4 5 95

1 2 .3 1 4 .4 0 .8 5 . 179

44 82 0 .5 4 114

65 145 0 .4 5 95

93 191 0 .4 9 104

118 ■ 250 0 .4 7 99

170 316 0 .5 4 114



221
E x p e r im e n t No. J.8 

H c t = 40 

F ib r in o g e n  = 0 

P r o te in  = 4 .7

p Q R R" C R " "

154 333 0 .4 6 111 96 107

129 261 0 .4 9 118 96 113

86 167 0 .5 2 125 102 128

60 111 0 .5 4 130 104 135

4 1 .5 75 0 .5 5 133 104 138

23 47 0 .4 9 118 99 117

1 8 .æ 28 0 .6 7 161 89 143

1 2 .7 16 0 .7 9 190 89 169

8 .5 8 .4 1 .0 1 243 83 202

8 .5 6 .6 0 .9 9 239 83 198

11 15 0 .7 3 176 89 157

15 2 6 .3 0 .5 7 137 89 122

20 39 0 .5 1 123 89 109

38 8 5 .7 0 .4 4 106 99 105

53 117 0 .4 5 108 104 112

80 176 0 .4 5 108 104 112

130 300 0 .4 3 104 96 100

V is c o s i t y  S hea r R a te
(se c  -1 )

5 .7 5  1 0 .2
1 1 .5  8 .4
23 7 .0
46 5 .6
115 4 .5
230 3 .9



Experiment No. 18
Hct = 40 (2nd run)
Protein = 4.7

22 2

p Q R R^ C

124 2 8 8 .5 0 .4 3 128 96 123

98 231 0 .4 2 101 102 103

91 190 0 .4 8 116 102 118

7 1 .5 136 0 .5 2 125 104 130

51 80 0 .6 2 149 104 155

27 3 9 .5 0 .6 8 164 99 162

1 8 .5 27 0 .6 8 164 89 146

1 3 .5 17 0 .7 8 188 89 167

1 1 .6 13 0 .8 9 214 89 190

7 .6 7 .0 1 .0 9 263 83 218

9 .7 12 0 .8 1 195 83 162

1 3 .2  . 1 8 .5 0 .7 1 171 89 152

1 6 .2 2 7 -2 0 .5 9 142 89 126

2 0 .5 3 8 .5 0 .5 3 128 89 114

3 2 .7 73 0 .4 5 108 99 107

47 104 0 .4 5 108 104 112

68 158 0 .4 3 104 104 108

88 210 0 .4 2 . - 101 102 . 103

106 - 2 6 .3 0 .4 0 96 98 94

138 333 0 .4 1 99 96 95

172 400 0 .4 3 104 96 100



2 23

Experiment No. 18
Dextran

p Q R R^

144 306 0 .4 7 113

106 254 0 .4 2 101

79 205 0 .3 9 94

59 157 0 .3 8 92

38 108 0 .3 5 84

26 68 0 .3 8 92

1 3 .5 41 0 .3 3 80

10 2 6 .7 0 .3 8 92

6 15 0 .4 0 96

2 .5 6 .8 0 .3 7 89

6 1 2 .8 0 .4 7 113

10 23 0 .4 3 104

1 5 .5 36 0 .4 3 104

29 68 0 .4 3 104

44 105 0 .4 2 101

6 6 .7 158 0 .4 2 101

87 207 0 .4 2 101

144 316 0 .4 6 110



22 4

Experiment No. 19
Hct =19
Protein = 4.5

p Q R R^ C r” '

138 333 0 .4 1 87 96 84

1 0 1 .5 259 0 .3 9 83 98 81

80 212 0 .3 8 81 104 84

6 0 .5 158 0 .3 8 81 104 84

43 113 0 .3 8 81 ' 104 84

31 71 0 .4 3 91 99 90

21 44 0 .4 7 100 99 99

15 30 0 .5 0 106 94 94

7 .5 1 5 .1 0 .5 0 106 83 88

5 8 .8 0 .5 7 121 83 100

2 3 .9 0 .5 1 1 2 1 ! 83 100

5 .5 8 .6 0 .6 4 136 83 113

7 .7 14 0 .5 5 117 83 -97

11 25 0 .4 4 94 89 84

23 56 0 .4 1 87 99 86

3 2 .5 83 0 .3 9 83 99 82

55 136 0 .4 0 85 104 88

76 188 0 .4 1 87 104 90

1 0 2 .5  i j \ >234 >30.44 0 .1 9 4 y '98 ■92

130 300 0 .4 3 91 96 87

V is c o s i t y S hea r R a te
(sec  ~1)

5 .7 5  1 .8
1 1 .5  2 .7
23 2 .0
46 2 .2
115 2 .1
230 2 .1



E x p e r im e n t 19 , 225

H c t = 38 

P r o t e in  = 4 .5

p Q R C

1 0 9 .5 234 0 .4 7 100 98 98

40 88 0 .4 5 96 99 95

31 62 0 .5 0 106 99 105

22 34 0 .6 4 136 99 135

1 3 .5 13 1 .0 4 221 89 197

9 6 .6 1 .3 6 289 83 240

5 .5 3 1 .8 3 389 83 323

9 7 1 -2 8 272 83 226

1 4 .5 14 1 .0 3 219 89 195

1 9 .5 24 0 .8 1 172 89 153

26 37 0 .7 1 151 99 149

41 62 0 .6 6 140 104 146

59 107 0 .5 5 117 104 122

1 0 2 .5 194 0 .5 3 113 98 111

V is c o s i t y  S hea r R a te
(se c  ~1)

5 .7 5  5 ,2
1 1 .5  4 .9
23 4 .8
46 4 .2
115 3 .5
230 3 .3



E x p e r im e n t N o. 19 

H c t = 50 

P r o te in  = 4 .5

p Q R r” C R ^^

176 312 0 .5 6 119 96 114

137 231 0 .5 9 126 96 121

105 185 0 .5 7 121 98 119

80 149 0 .5 4 115 104 120

4 1 .5 62 0 .6 6 140 104 146

30 34 0 .8 7 185 99 183

24 22 1 .0 7 228 99 226

18 1 2 .6 1 .4 3 304 89 271

1 2 .5 6 .9 1 .8 383 89 341

8 .5 3 2 .8 596 83 595

1 2 .5 6 2 .0 8 .443 89 394

18 1 2 .7 1 .4 2 302 89 269

31 3 1 .8 0 .9 7 206 99 204

55 . 71 .0 .7 7 164 104 171

79 1 2 .7 0 .6 2 132 104 137

108 179 0 .6 0 128 98 125

147 231 0 .6 4 136 96 131

V is c o s i t y S hea r R a te
(sec " D

5 .7 5 1 1 .4
1 1 .5 9 .5
23 / < 7 .7
46 5 .0
115 4 .9
230 4 .4



Experiment No. 19
Dextran

2 2 7

p Q R rN

166 312 0 .5 3 112

122 254 0 .4 8 102

91 206 0 .4 4 94

59 140 0 .4 2 89

35 85 0 .4 1 87

8 .3 23 0 .3 6 77

4 .5 9 .5 0 .4 7 100

2 4 .2 0 .4 8 102

4 8 0 .5 0 106

8 .5 15 0 .5 7 121

1 7 .5 3 5 .2 0 .5 0 106

40 85 0 .4 7 100

66 135 0 .4 9 104

85 181 0 .4 7 100

114 245 0 .4 6 98

161 303 0 .5 3 113



o  9  Q
E x p e r im e n t No. 20 

H c t -  25 

F ib r in o g e n  = 0

NC
P r o te in

P
= 5 .2  

Q R r^ C R:

1 3 7 .5 312 0 .4 4 93 96 89

104 259 0 .4 0 85 98 83

86 214 0 .4 0 85 102 87

69 158 0 .4 4 93 104 97

5 0 .5 - 109 0 .4 6 97 104 101

26 43 0 .6 0 127 99 126

1 7 .5 27 0 .6 4 136 89 121

9 .8 1 5 .1 0 .6 5 138 83 115

5 .5 7 .5 0 .7 3 155 83 129

3 .5 6 0 .5 8 123 83 102

6 .5 8 .2 0 .7 9 167 83 139

9 .2 14 0 .6 7 142 83 118

21 37 0 .5 7 121 99 120

33 65 0 .5 1 108 99 107

47 .105 0 .4 5 95 104 99

6 3 .5 152 0 .4 2 89 104 93

85 207 0 .4 1 87 102 89

1 0 4 .5 261 . 0 .4 0 85 98 83

134 326 0 .4 1 87 96 84

V is c o s i t y  S h e a r R a te
(sec

5 .7 5  2 .4
1 1 .5  2 .7
23 2 .8
46 2 .6
115 2 .6
230 2 .5



22 9

Experiment No. 20 

Hct = 25

p Q R R^ C

134 330 0 .4 1 87 96 84

99 263 0 .3 8 80 102 82

82 210 0 .3 9 83 102 85

63 167 0 .3 8 80 104 83

4 6 .5 109 0 .4 2 89 104 93

34 68 0 .5 0 106 99 105

22 41 0 .5 4 114 99 113

1 6 .5 2 8 .6 0 .5 8 123 89 109

9 .5 17 0 .5 6 118 83 98

5 .4 8 .7 0 .6 2 131 83 109

2 .2 4 .2 0 .5 2 110 83 91

5 .1 7 .1 0 .7 2 152 83 126

8 -9 13 0 .6 8 144 83 120

19 33 0 .5 7 121 89 108

28 62 0 .4 5 95 99 94

43 100 0 .4 3 91 104 95

60 156 0 .3 8 80 104 83

78 208 0 .3 7 78 104 81



E x p e r im e n t No. 20 230

D e x tra n

p Q R R^

175 323 0 .5 4 114

141 280 0 .5 0 106

1 1 1 .5 246 0 .4 5 95

9 1 .5 187 0 .4 9 104

62 133 0 .4 7 100

39 89 0 .4 4 93

24 55 0 .4 3 91

12 30 0 .3 9 83

7 1 5 .8 0 .4 4 93

3 .5 7 -8 0 .4 5 95

1 .7 4 .4 - 0 .3 9 83

3 .2 5 .8 0 .5 5 116

9 .2 1 2 .1 0 ,7 6 160

1 8 .5  . 31 0 .5 9 118

3 1 .5 63 0 .5 0 106

47 101 0 .4 7 100

68 150 0 .4 5 95

97 200 0 .4 9 104

134 272 0 .4 9 104

179 353 0 .5 1
0

118



231

E x p e r im e n t N o. 21 
H c t = 9
F ib r in o g e n  “  0 
P r o t e in  = 5 .2

p Q R rN C R^^

157 417 0 .3 8 80 96 77

91 250 0 .3 6 75 102 77

45 130 0 .3 5 73 104 76

2 .2 4 .5 0 .4 9 103 83 85

4 4 .5 167 0 .2 7 57 104 59

1 .9 8 0 .2 9 60 83 50

1 .4 4 .2 0 .3 3 69 83 57

2 .6 6 .5 0 ,4 0 84 83 . 70

31 146 0 .2 1 44 99 44

95 373 0 .2 5 52 102 53

V is c o s i t y S h e a r R a te
(se c  1)

5 .7 5  1 .4
1 1 .5  1 .2
23 1 .6
46 1 .7
115 1 .6
230 1 .6



2 3 2
E x p e r im e n t No. 21

H c t = 22 

F ib r in o g e n  = 0 

P r o t e in  -  4 .9

p Q R rN C R^C

8 7 .5 254 0 .3 4 71 102 72

132 349 0 .3 8 80 96 77

38 100 0 .3 8 80 99 79

7 .5 19 0 .3 9 82 83 68

3 .4 6 .3 0 .5 4 113 83 94

1 .9 2 .4 0 .7 9 165 83 137

3 .7 6 .1 0 .6 1 128 83 106

3 9 .4 217 0 .1 8 .38 99 38

110 300 0 .3 7 77 98 71

V is c o s i t y  S hear R a te
(se c  ~1)

5 .7 5  3 .2
1 1 .5  2 .9
23 2 .8
46 2 .5
115 2 .4
230 2 .2



2 3 3

E x p e r im e o it No. 21 

H c t = 32 

F ib r in o g e n  = 0 

P r o t e in  = 5 .0

p Q R rN C r^^

135 299 0 .4 5 94 96 90

3 6 .8 76 0 .4 8 101 99 100

4 .5 6 .2 0 .7 3 153 83 127

2 .8 2 .2 1 .2 7 266 83 221

4 .4 4 .4 1 .0 209 83 173

1 5 .7 3 1 .2 0 .5 0 105 89 93

73 196 0 .3 7 77 104 80

105 315 0 .3 3 69 98 68

1 0 6 .5 273 0 .3 9 82 98 80

V is c o s i t y  S hea r R a te
(sec “ 1)

5 .7 5  6 .4
1 1 .5  6 .0
23 5 .0
46 3 .7

1 1 5  3 .3
230 3 .2



Experiment No. 21
Hct = 33
Fibrinogen = 0

234

P r o te in
P

= 5 .0  

Q R rN C R^^

156 366 0 .4 6 96 96 92

123 280 0 .4 4 92 96 88

11 38 0 .3 0 63 89 56

1 0 .8 26 0 .4 2 88 83 73

4 .2 5 0 .8 4 176 83 146

4 .6 5 .3 0 .8 7 182 83 151

3 .3 2 .4 1 .3 8 289 83 240

5 .2 5 .5 0 .9 5 199 83 165

3 8 .3 148 0 .2 6 54 99 53

162 380 0 .4 3 90 96 86

112 279 0 .4 0 84 98 82

72 159 0 .4 5 94 102 96

48 123 0 .3 9 82 104 85

v i s c o s i t y  S h e a r_ R a te
(se c  1)

5 .7 5  6 .0
1 1 .5  5 .8
23 6 .9
46 4 .2
115 3 .5
230 3 .2



235

E x p e r im e n t  No. 21 

H c t = 43 

F ib r in o g e n  = 0 

P r o t e in  = 5 .0

p Q R rN C

136 260 0 .5 2 109 96 105

156 300 0 .5 2 108 96 104

9 1 .5 169 0 .5 4 113 102 115

1 0 .3 1 3 .6 0 .7 6 159 83 132

6 .1 4 1 .5 5 324 83 269

5 .8 3 .5 1 .6 6 348 83 289

7 .5 5 1 .5 314 83 261

86 216 0 .4 0 84 102 86

165 361 0 -4 6 , 96 96 92

1 3 8 .5 271 0 .5 1 107 96 103

Viscosity Shear_Rate
(sec 1)
5 .7 5  1 1 .0
1 1 .5  8 .9
23 7 .4
46 6 .3
115 4 .8
230 4 .1



2 3 6

Experiment No. 21
Dextran

p Q R r^

168 300 0 .5 6 117

3 0 .5 79 0 .3 9 82

2 .6 4 .3 0 .6 0 126

1 .7 2 0 .8 5 178

6 .3 1 0 .5 0 .6 0 125

6 9 , 154 0 .4 5 94

132 273 0 .4 8 101



2 3 7

E x p e r im e n t No. 22 

H c t = 33

F ib r in o g e n  = 415 

P r o t e in  = 3 .3

p Q R R^ C R^^

1 2 3 .8 326 0 .3 8 82 96 79

92 246 0 .3 7 80 102 82

7 1 .8 182 0 .3 9 85 104 88

5 3 .8 1 3 3 .3 0 .4 0 87 104 90

3 6 .3 83 0 .4 4 95 99 94

1 6 .2 . 2 1 .8 0 .7 4 161 89 143

10 .3 9 1 .1 4 247 83 205

6 .7 4 1 .6 8 364 83 302

4 .9 2 .2 2 .2 3 484 83 401

7 .0 3 .5 2 .0 434 83 360

12 9 1 .3 3 289 89 257

1 7 .1 1 6 .2 2 1 .0 5 228 89 203

3 6 .2 69 ' 0 .5 3 115 99 114

5 3 .8 130 0 .4 1 89 104 93

73 176 0 .4 1 89 104 93

9 3 .2 231 0 .4 0 87 102 89

116 .3 300 0 .3 9 85 98 83

Viscosity Shear Rate
(sec ~1)
5 .7 5  5 .7
1 1 .5  5 .0
23 4 .3
46 3 .9
115 3 .6
230 3 .3



2 3 8

E x p e r im e n t N o. 22 

H c t = 37

F ib r in o g e n  = 150 

P r o te in  = 5 .0

p Q R R^ C R ^^

132 .5 330 0 .4 0 87 96 84

106 265 0 .4 0 87 98 85

7 8 .7 197 0 .4 0 87 104 90

5 7 .8 143 0 .4 0 87 104 90

4 1 .6 94 0 .4 4 95 104 99

2 3 .2 3 9 .1 0 .5 9 128 99 127

1 6 .4 20 0 .8 2 178 89 158

10 8 .8 1 .1 4 247 83 205

5 .2 4 1 .3 282 83 234

4 .9 2 .4 2 .0 4 443 83 368

6 .2 3 .6 1 .7 2 373 83 310

10 .3 7 .8 1 .3 2 286 83 237

2 0 .6 40 0 .5 2 113 89 101

3 9 .4 9 4 .3 0 .4 2 91 99 90

56 146 0 .3 8 82 104 85

77 194 0 .4 0 87 104 90

99 250 -0 .4 0 87 102 89

132 ,8 319 0 .4 2 91 96 87

Viscosity S h e a r R a te  
(se c  “ D

5 .7 5
1 1 .5
23
46
115
230

7 .7
6 .3
5 .4
4 .5
3 .7  
3 .2



239

E x p e r im e n t No. 22 

H c t ]=  “39

F ib r in o g e n  = 163 

P r o te in  ’■*= 4 .7

p Q R R*̂ C R ^‘

120 278 0 .4 3 93 98 91

8 8 .7 221 0 .4 0 87 102 89

6 8 .4 167 0 .4 1 89 104 93

4 9 .2 115 0 .4 3 93 104 97

3 1 .4 6 7 .3 0 .4 7 102 99 101

16 .2 20 0 .8 1 176 89 157

1 0 .4 8 .8 1 .1 8 256 87 212

6 .5 4 1 .6 3 345 83 294

5 .3 2 .1 2 .5 2 547 83 454

6 .7 2 .6 2 .5 8 560 83 465

11 .9 7 .4 1 .61 349 89 311

16 .7 1 7 .9 0 .9 4 204 89 182

23 35 0 .6 6 143 99 142

4 1 .6 8 8 .2 4 0 .4 7 102 104 106

62 136 0 .4 5 98 104 102

81 188 0 .4 3 93 102 95

102 246 0 .4 1 89 98 87

127.1' 294 0 .4 3 93 96 89

125 300 0 .4 2 91 96 87

V is c o s i t y S hear R a te
(se c  1)

5 .7 5  6 .4
1 1 .5  5 .3
23 4 .9
46 4 .1
115 3 .5
230 3 .0



240

E x p e r im e n t  No. 22 

D e x tra n

p Q R R^

1 2 0 .4 250 0 .4 8 104

9 1 .6 195 0 .4 7 102

6 6 .2 146 0 .4 5 98

43 100 0 .4 3 93

21 50 0 .4 3 93

1 1 .0 23 0 .4 8 104

5 .3 1 0 .2 0 .5 2  . 113

3 .1 5 .2 0 .6 0 130

1 .7 3 .4 0 .5 0 108

27 3 .8 0 .7 1 154

6 .1 6 .6 0 .9 2 200

1 7 .6 27 0 .6 6 143

4 0 .5 86 0 .4 7 102

6 0 .6 ■ 136 0 .4 4 95

8 4 .4 185 0 .4 6 100

1 0 8 .6 231 0 .4 7 102

1 4 0 .3 294 0 .4 8 104

120 260 0 .4 6 100

155 352 0 .4 4 96

130 271 ./ ,0 .4 8 tl0 4



241

Experiment No. 23
Hct = 41
F ib r in o g e n  = 202 

P r o t e in  = 2 .8

p Q R R^ C R^‘

161 385 0 .4 2 88 96 85

133 326 0 .4 1 86 96 83

5 3 .5 119 0 .4 5 94 104 98

1 0 .4 1 6 .5 0 .6 3 132 83 110

7 .1 7 .7 0 .9 2 192 83 159

6 3 .9 1 .5 4 322 83 267

17 .4 35 0 .5 0 105 89 93

172 428 0 .4 0 84 96 81

126 312 0 .4 0 84 96 81

16 .2 2 7 .2 0 .5 9 123 89 109

V is c o s i t y S hea r R a te
(sec 1)

5 .7 5  7 .8
1 1 .5  7 .2
23 6 .1
46 4 .9
115 3 .9
230 3 .1



2 4 2

Experiment No. 23
Hct = 42
F ib r in o g e n  = 101 

P r o te in  = 2 ; 8

p Q R R^ C R ^^

1 50 .5 368 0 .4 1 86 96 83

107 273 0 .3 9 82 98 80

7 8 0 .8 8 184 83 153

3 .8 3 1 .2 7 266 83 221

1 0 .3 1 2 .5 0 .8 2 172 83 143

182 435 0 .4 2 88 96 84

140 .5 341 0 .4 1 86 96 83

105 273 0 .3 8 79 98 77

2 8 .5 66 0 .4 3 90 99 89

18 32 0 .5 6 117 89 104

V is c o s ity  S hea r R a te
(se c  “ 1)

5 .7 5  8 .2
1 1 .5  7 .3
23 5 .8
46 4 .8
115 3 .7
230 3 .1



2 4 3

E x p e r im e n t  No. 23 

H c t = 44

F ib r in o g e n  = 110 

P r o t e in  = 2 .8

p Q R R^ C R ^^

1 6 8 .5 395 0 .4 3 90 96 86

20 44 0 .4 5 94 89 84

7 6 1 .1 6 243 83 202

4 3 .2 1 .2 5 262 83 217

14 2 3 .5 0 .6 0 126 89 112

1 6 5 .5 390 0 .4 2 88 96 84

133 333 0 .4 0 84 96 81

V is c o s i t y S hear R a te
(sec ■1)

5 .7 5 7 .7
1 1 .5 6 .7
23 5 .5
46 4 .7
115 3 .6
230 3 ,0



2 4 4

Experiment No. 23

Dextran

p Q R R

164 333 0 .4 9 103

8 9 .4 200 0 .4 5 94

2 8 .5 66 0 .4 3 90

3 .8 6 0 .6 3 132

1 .7 2 .5 0 .6 8 142

1 .8 2 .4 0 .7 5 157

2 1 .3 39 0 .5 5 115

18 0 .5 370 0 .4 9 103

1 0 1 .5 222 0 .4 6 96



245

E x p e r im e n t  No. 24 

H c t = 44 

' F ib r in o g e n  == 656 

P r o t e in  = 5 .3

p Q R R^ C

59 107 0 .5 5 128 104 133

82 167 0 .4 9 114 102 116

1 2 6 .5 273 0 .4 6 107 96 103

4 5 .5 8 0 .2 0 .5 7 133 104 138

1 9 .2 24 0 .8 186 89 166

6 .7 5 1 .3 4 312 83 259

4 .8 7 .1 0 .6 8 158 83 131

32 189 ' 0 .1 7 40 99 39

8 .5 7 .0 6 1 .2 279 83 232

110 250 0 .4 4 102 98 100

V is c o s i t y S hea r
(se c

5 ,7 5
1 1 .5
23
46
115
230

R a te
■1)

8 .8
7 .5  
7 .0
6 .7
5 .5
4 .8



E x p e r im e n t No. 24 

H c t = 48

F ib r in o g e n  = 576 

P r o t e in  = 5 .5

2 4 6

p Q R R^ C

113 238 0 .4 7 109 98 107

1 2 4 .5 273 0 .4 6 107 96 103

70 146 0 .4 8 112 104 116

38 70 0 .5 4 126 99 125

6 .4 8 .9 0 .7 2 167 83 139

6 .0 7 .6 0 .7 9 184 83 153

4 .2 4 .4 0 .9 5 221 83 183

2 3 .7 27 0 .8 8 205 99 203

2 5 .5 30 0 .8 5 198 99 196

72 174 0 .4 1 95 104 99

109 234 0 .4 7 109 98 107

V is c o s i t y S hear R a te
(sec  1)

5 .7 5
1 1 .5
23
46
115
230

1 1 .8
9 .9
8 . 1
6 .7  
5 .5
4 .7



247.

Experiment No. 24
Hct = 54
F ib r in o g e n  = 132 

P r o te in  = 5 . 5

R R^ C R ^^

78 149 0 .5 3  123 104 128

116 208 0 .5 7  133 98 130

1 3 5 .7  278 0 .4 9  114 96 109

77 147 0 .5 2  121 104 126

1 1 .5  15 0 .7 7  179 89 159

4 .6  5 0 .9 2  214 83 178

11 14 0 .7 9  184 89 164

9 8 .6  214 0 .4 6  107 102 109

124 261 0 .4 8  112 96 107

V is c o s i t y  S h e a r R a te
(s e c  1)

5 .7 5  1 5 .4
1 1 .5  1 2 .7
23 9 .5
46 7 .1
115 5 .2
230 4 .9



2 4 8

E x p e r im e n t N o. 24 

H c t = 60

F ib r in o g e n  = 188 

P r o te in  =, 6 .2

p Q R R" C R " "

122 179 0 .6 8 158 96 152

6 1 .5 85 0 .7 3 170 104 177

33 39 0 .8 4 195 99 193

7 .5 5 .6 1 .3 4 312 83 259

6 .3 3 .6 1 .7 5 407 83 338

8 .4 5 1 .6 8 391 83 325

137 .5 227 0 .6 1 142 96 136

4 3 .7 70 0 .6 3 147 104 153

V is c o s i t y S h e a r R a te  
(se c  “ 1)

5 .7 5
1 1 .5
23
46
115
230

1 7 .8
1 3 .7
1 0 .4

8 . 2
6 .6
5 .9



249

Experiment No. 24

Dextran

R r ”

1 0 7 .5  227 0 .4 7  109

3 0 .4  73 0 .4 2  98

4 8 .8  0 .4 5  105

3 .8  7 .5  0 .5 1  119

5 0 .6  125 0 .4 0  93

116 220 0 .4 3  100



2 5 0

E x p e r im e n t No. 25 

H c t = 37

F ib r in o g e n  “  260 

P r o te in  = ,4 .1

p Q R R^ C R ^^

9 9 .7 238 0 .4 2 88 102 90

144 313 0 .4 6 96 96 92

98 231 0 .4 2 88 102 90

7 0 .7 176 0 .4 0 84 104 87

4 6 .6 126 0 .3 7 78 104 81

2 9 .5 82 0 .3 6 75 99 74

1 2 .6 2 4 .4 0 .5 2 109 89 97

9 1 0 .2 0 .8 8 184 83 153

5 .6 4 .4 1 .27 266 83 221

4 .2 2 .4 1 .7 5 367 83 305

7 .2 4 .6 1 .5 7 329 83 273

1 0 .2 8 1 .2 8 268 83 222

23 50 0 .4 6 96 99 95

3 8 .3 89 0 .4 3 90 99 89

5 6 .7 146 0 .3 9 82 104 85

8 0 .8 194 0 .4 2 88 102 90

111 259 0 .4 3 90 98 88

143 323 0 .4 4 ' 92 -  -  96 88

V is c o s i t y  S hea r R a te
(se c  ~1)

5 .7 5  6 .0
1 1 .5  5 .3
23 4 .4
46 4 .0
115 3 .6
230 3 .4



251

E x p e r im e n t No. 25 

H c t = 37

F ib r in o g e n  = 392 

P r o te in  = 42

p Q R R^ C

149 300 0 .5 0 105 96 101

115 259 0 .4 4 92 98 90

86 208 0 .4 1 86 102 88

61 158 0 .3 9 82 104 85

4 0 .4 107 0 .3 8 80 104 83

2 3 .8 52 0 .4 6 96 99 95

1 2 .8 2 4 .5 0 .5 2 109 89 97

8 9 .8 0 .8 2 172 83 143

3 .9 3 .6 1 .0 8 226 83 188

3 .0 1 .8 1 .6 7 350 83 291

4 .3 2 .4 1 .7 9 375 83 311

8 .6 6 .5 1 .3 3 279 83 232

2 2 .6 38 0 .6 0 126 99 125

33 69 0 .4 8 101 99 100

5 0 .7 125 0 .4 1 86 104 89

74 182 0 .4 1 86 104 89

103 .7 240 0 .4 3 90 98 88

1 36 .7  1 . ,309 iwO.44 0 ,4492 92 96 96 88

V is c o s i t y  S h e a r R a te
(se c  " D

5 .7 5  6 .7
1 1 .5  5 .8
23 5 .0
46 4 .3
115 4 .0
230 3 .7

S '



2 5 2

E x p e r im e n t N o .25 

H c t = 37

F ib r in o g e n  = 126 

P r o t é in  = 5 .4

p Q R R " C R " "

96 231 0 .4 2 88 102 90

134 .4 303 0 .4 4 92 96 88

9 0 .7 216 0 .4 2 88 102 90

5 8 .5 154 0 .3 8 80 104 83

3 3 .5 94 0 .3 6 75 99 74

17 3 0 .5 0 .5 6 117 89 104

1 2 .7 2 1 .1 0 .6 0 126 89 112

9 .1 1 0 .3 0 .8 8 184 83 153

4 .3 4 .4 0 .9 8 205 83 170

3 .8 2 1 .9 398 83 330

5 .3 2 .6 2 .0 4 428 83 355

10 8 .1  * 1 .2 3 258 83 214

18 29 0 .6 3 132 89 117

32 71 0 .4 5 94 99 93

4 7 .7 120 0 .4 0 84 104 87

6 7 .8 171 0 .4 0 84 104 87

9 4 .4 216 0 .4 4 92 102 94

124 .5 275 0 .4 5 94 96 90

V is c o s i t y  S hea r R a te
(se c  ” 1)

5 .7 5  6 .9
1 1 .5  5 .9
23 5 .1
46 4 .5
115 3 .8
230 3 .6



Experiment No. 25

Dextran

25 3

p Q R R"

1 2 4 .7 234 0 .5 3 111

8 4 .7 183 0 .4 6 96

6 1 .8 137 0 .4 5 94

3 8 .3 94 0 .4 1 86

1 6 .7 45 0 .3 7 78

7 .9 15 . 0 .5 4 113

4 .3 7 .5 0 .5 7 119

2 .9 5 0 .5 8 122

4 .1 5 0 .8 2 171

13 .1 1 6 .7 0 .7 9 166

35 74 0 .4 7 99

5 5 .5 125 0 .4 4 92

8 0 .4 171 0 .4 7 98

1 0 7 .5 214 0 .5 0 105

140 250 0 .5 6 117



E x p e r im e n t No. 26 
H c t = 43

RBC/Dextran

2 5 4

p Q R C R ^^

1 1 2 .5 200 0 .5 6 126 98 123

170 300 0 .5 7 128 96 123

4 2 .5 70 0 .6 1 137 104 142

4 .4 4 .6 0 .9 6 216 83 179

3 .3 2 .4 1 .3 8 310 83 257

4 .8 3 .6 1 .3 3 299 83 248

2 6 .8 4 4 .1 0 .6 1 137 99 136

76 150 0 .5 1 115 104 120

1 1 9 .3 231 0 .5 2 117 98 115

151 273 0 .5 5 124 96 119

22 30 0 .7 3 164 99 162

21 39 0 .5 4 121 99 120



Experiment No, 26
Hct = 43
F ib r in o g e n  = 148 

P r o t e in  = 4 ,8

2 5 5

p Q R . f C

75 214 0 .3 5 79 104 82

134 337 0 .4 0 90 96 86

96 250 0 .3 8 85 102 87

3 0 .3 80 0 .3 8 85 99 84

3 .0 3 .1 0 .9 7 218 83 181

6 .1 8 .3 0 .7 3 164. 83 136

77 224 0 .3 4 76 104 79

1 35 .5 337 0 .4 0 90 96 86

101 268 0 .3 8 85 98 83

V is c o s i t y S h e a r R a te  
(se c  “ 1)

5 .7 5
1 1 .5
23
46
115
230

7 .5
6 .9
5 .7
4 .7
3 .9
3 .5



2 5 6

E x p e r im e n t No. 26 

D e x tra n

p Q R R^

1 5 1 .5 319 0 .4 7 106

99 227 0 .4 4 99

4 .8 10 0 .4 8 108

2 .6 4 .8 0 .5 4 121

30 69 0 .4 3 97

115 259 0 .4 4 99



Experiment No. 27
Hct = 40
F ib r in o g e n  = 150 

P r o te in  = 3 .7

257

p Q R R^ C j^NC

2 9 .5 60 0 .4 9 105 99 104

99 240 0 .4 1 88 102 79

1 4 5 .5 309 0 .4 7 101 96 97

107 244 0 .4 4 95 98 93

7 0 .5 160 0 .4 4 95 104 99

4 8 .3 107 0 .4 5 97 104 101

3 4 .5 67 0 .5 1 110 104 114

14 22 0 .6 4 137 89 122

1 0 .3 1 1 .5 0 .9 3  , 200 83 166

1 7 .6 3 0 .5 0 .5 6 120 89 107

2 6 .8 62 0 .4 3 92 99 91

4 5 .4 106 0 .4 3 92 104 96

76 179 0 .4 3 92 104 96

1 1 1 .7 250 0 .4 5 97 98 95

150 324 0 .4 6 99 96 95

6 i5 5 .3 1 .2 3 264 83 219

V is c o s i t y  S h e a r R a te
(se c  “ 1)

5 .7 5  5 / / 5  8 .6
1 1 .5  7 .6
23 6 .6
46 5 .4
115 4 .0
230 3 .8



E x p e r im e n t N o. 27 S hear R ate  (se c - h
H c t = 40 - 5 .7 5 4 .4

R B C /R inge r 1 1 .5
23
46
115
230

4 .4
4 .4
3 .8
3 .2
2 .8

P Q R rN C

55 112 0 .4 9 105 104 109

1 6 6 .5 341 0 .4 9 105 96 101

4 9 .5 106 0 .4 7 101 104 105

1 0 .2 1 4 .7 0 .6 9 148 83 123

5 4 .4 1 .1 4 245 83 203

4 .3 2 .7 1 .6 0 344 83 286

54 129 0 .4 2 90 104 94

93 217 0 .4 3 92 102 94

1 3 3 .7 300 0 .4 3 92 96 88

95 222 0 .4 3 92 102 94

62 150 0 .4 1 88 104 92

39 95 0 .4 1 88 99 87

1 7 .1 33 0 .5 2 112 89 100

9 1 1 .2 0 .8 0 172 83 143

5 .7 4 .6 1 .2 4 266 83 221

4 .3 2 .8 1 .5 4 330 83 274

1 3 .4 2 1 .5 0 .6 2 133 89 118

20 41 0 .4 9 105 89 93

3 4 .2 84 0 .4 1 .88 r. 99 .8 7

5 7 .5 136 0 .4 2 90 104 94

9 7 .6 231 0 .4 2 90 102 92

136 309 0 .4 4 94 96 90

2 5 8



2 5 9

Experiment No. 27

Dextran

R R^

1 2 7 .7 261 0 .4 9 105

8 1 .4 188 0 .4 3 92

50 120 0 .4 2 90

2 4 .5 61 0 .4 0 86

1 3 .1 32 0 .4 2 90

5 .3 10 0 .5 3 114

2 .7 4 .3 0 .6 3 135

6 .2 10 0 .6 2 133

3 1 .7 69 0 .4 5 97

6 1 .7 128 0 .4 8 103

89 190 0 .4 7 101

1 2 6 .2 245 0 .5 2 112



E x p e r im e n t No, 28

H c t = 38 260

F ib r in o g e n  = 1 0 0  

P r o t e in  = 4 .1  

T e m p e ra tu re  = 37°C

p Q R rN C R ^^

5 6 .3 133 0 .4 2 95 104 99

132 294 0 .4 5 102 96 98

8 7 .5 205 0 .4 3 97 102 99

5 7 .3 143 0 .4 0 91 104 95

2 8 .5 70 0 .4 1 93 99 92

1 2 .4 24 0 .5 2 118 89 105

4 6 .4 0 .6 3 143 83 119

2 .7 3 .6 0 .7 5 170 83 141

3 .9 4 .2 0 .9 3 211 83 175

1 1 .5 21 0 .5 5 125 89 111

24 62 0 .3 8 86 99 85

5 3 .5 153 0 .3 5 79 104 82

92 231 0 .4 0 91 102 93

1 2 6 .4 297 0 .4 3 97 96 93

Viscosity

'

Shear
(sec
5 .7 5
1 1 .5
23
46
115
230

Rate
-1 )

6 .2
5 .6
5 .4
4 .5  

r i  3 .8
3 .4



Experiment No. 28 

Hct = 38

Fibrinogen = 100 
Protein =4.1

261

Temperature = 25^C 

P Q R r” C R^^

9 1 .7 .207 044 100 102 102

53 .5 128 0 .4 2 95 104 99

3 3 .3 6 6 .7 0 .5 0 113 99 112

9 .3 13 0 .7 2 163 83 135

5 .0 4 .9 1 .0 2 231 83 192

3 .5 3 1 .1 7 265 83 220

4 .5 3 .6 1 .2 5 283 83 235

1 3 .5 18 0 .7 5 170 89 151

27.5 60 0 .4 6 104 99 103

5 1 .5 123 0 .4 2 95 104 99

70 176 0 .4 0 91 104 100

105 240 0 .4 4 100 98 98

141 .5 308 0 .4 6 104 96 100



2 6 2
Experiment No. 28 
Hct =38
Fibrinogen = 100 
Protein = 4.1 
Temperature = 14°C

p Q R rN C R^^

62 13 9 .5 0 .4 4 100 104 104

138 250 0 .5 5 125 96 120

103 172 0 .6 0 136 98 133

68 107 0 .6 3 143 104 149

30 33 0 .9 1 206 99 204

1 7 .2 1 1 .8 ^ 1 .4 5 329 89 293

1 0 .2 4 2 .55 578 83 480

6 .3 2 .3 2 .7 4 621 83 515

8 .7 3 .3 2 .6 4 598 83 496

1 5 .7 18 0 .8 7 197 89 175

27 .3 2 9 .4 0 .9 3 211 99 209

55 113 0 .4 9 111 104 114

1 07 .6 214 0 .5 0 113 98 111

139 273 0 .5 1 116 96 111

/



2 6 3

Experiment No. 28 
Dextran
Temperature = 37°C

p Q R R^

131.2 273 0.48 109

88*4 207 0.43 97

66.5 140 0.47 106

28 79 0.35 79

12.6 36 0.35 79

5.3 11.7 0.45 102

2.9 6.7 0.43 97

1.4 2.2 0.64 145

5.1 9.2 0.55 124

19.5 40.5 0.48 109

40.3 94 0.43 97

67.5 214 0.32 72

109 231 0.47 106

159.6 323 0.49 111



Experiment No. 29 264
Hct = 33
Fibrinogen = 100 
Protein = 4.8 
Temperature = 37°C

p Q R R^ C rN^

129 300 0 .4 2 89 96 85

7 5 .3 210 0 .3 6 76 104 79

4 7 .4 120 0 .4 0 84 104 87

22 54 0 .4 1 86 99 85

8 .5 23 0 .3 7 78 83 65

1 2 .1 0 .4 8 101 83 84

4 .2 9 0 .4 7 99 83 82

19 60 0 .3 2 68 89 61

41 120 0 .3 4 72 104 75

65 188 0 .3 5 74 104 ‘ 77

9 6 .6 242 0 .4 0 84 102 86

124 300 0 .4 1 86 96 83

Viscosity Shear Rate
(sec 1)
5.75 5.1
11.5 4.5
23 4.0
46 3.6
115 3.2
230 2.9



2 6 5
Experiment No. 29
Hct = 33
Temperature = 25^C

p Q R R^ C R^^

3 8 .2 76 0 .5 1 108 99 107

109 235 0 .4 6 97 98 95

141 .3 300 0 .4 7 99 96 95

95 .5 207 0 .4 6 97 102 99

6 1 .2 138 0 .4 4 93 104 97

43 86 0 .5 0 105 104 109

24 .5 44 0 .5 6 118 99 117

1 5 .8 26 0 .6 1 129 89 115

1 .8 2 .2 0 .8 2 173 83 144

5 .7 9 0 .6 3 133 83 110

23 • 63 0 .3 6 76 99 75

5 5 .2 139 0 .4 0 84 104 87

1 13 .5 250 0 .4 5 95 98 93

159 319 0 .5 0 105 96 101



2 6 6

Experiment No. 29
Hct = 33
Temperature = 15°C

p . Q R R^ C ^NC

120 242 0 .5 0 105 98 103

8 9 .4 188 0 .4 8 101 102 103

61 1 33 .3 0 .4 6 97 104 101

3 2 .5 74 0 .4 4 93 99 92

1 5 .6 21 0 .7 4 156 89 139

2 .8 3 0 .9 3 196 83 163

2 .8 2 .4 1 .1 7 247 83 205

8 .2 9 .8 0 .8 4 177 83 147

30 71 0 .4 2 89 99 88

59 135 0 .4 4 93 104 97

98 207 .0 .4 7 99 102 101

156 300 0 .5 2 110 96 106

21 42 0 .5 0 105 99 104



2 6 7

Experiment No. 29
Dextran

p Q R R"

140 273 0.51 108

55 128 0.43 91

23.5 45 0.52 110

1.7 2.2 0.77 162

2.0 3.1 0.65 137

14.6 34 0.43 91

51 120 0.43 91

106.5 217 0.49 103

162 319 0.51 108



2 6 8

Experiment No. 30 
Hct = 40
Fibrinogen = 142 
Protein = 5.3

p Q R r” c R^^

71 .5 153 0 .4 7 104 104 108

99 221 0 .4 5 100 102 102

6 6 .7 154 0 .4 3 96 104 100

3 4 .5 75 0 .4 6 102 99 101

8 .5 11 0 .7 7 171 83 142

5 .7 6 0 .9 5 211 83 175

1 1 .7 19 0 .6 2 138 89 123

2 4 .2 60 0 .4 1 91 99 90

43 112 0 .3 8 84 104 87

60 .5 162 0 .3 7 82 104 85

91 214 0 .4 2 93 104 95

124 273 0 .4 5 100 96 96

Viscosity Shear Rate
(sec ”1)
5.75 6.0
11.5 5.3
23 4.7
46 4.1
115 3.6
230 3.3



2 6 9

Experiment No. 30 

Hct = 40 

RBC/Ringer'

p Q R rN C R^^

7 3 .5 183 0 .4 0 89 104 93

1 1 5 .6 270 0 .4 3 96 98 94

14 1 .3 300 0 .4 7 104 96 100

9 5 .4 240 0 .4 0 0 .8 9 102 91

6 9 .9 186 0 .3 8 84 104 87

3 4 .3 52 0 .6 5 144 99 143

1 3 .4 22 0 .6 1 136 89 121

4 .6 5 .6 0 .8 2 182 83 151

4 .5 4 .6 0 .9 8 218 83 181

7 .2 8 .4 0 .8 6 191 83 159

1 6 .3 34 0 .4 7 104 89 93

2 7 .6 67 0 .4 1 91 99 90

56 140 40 88 104 92

100 250 40 88 102 90

136 315 0 .4 3 96 96 92



270

Experiment No. 30
Hct = 52
Fibrinogen = 118
Protein = 

P
4 .7

Q R R^ C R^^

106 214 0 .4 9 109 98 . 107

7 6 .6 167 0 .4 6 102 104 106

5 5 .8 115 0 .4 8 107 104 111

3 3 .2 68 0 .4 9 109 99 108

9 .2 1 6 .2 0 .5 7 127 83 105

6 6 .4 0 .9 4 209 83 173

1 3 .2 1 6 .4 0 .8 1 180 89 160

23 47 0 .4 9 109 99 108

4 2 .3 98 0 .4 3 96 104 100

7 4 .6 160 0 .4 7 104 104 108

1 15 .4 234 0 .4 9 109 98 107

154 .5 300 0 .5 1 113 96 108

20 27 0 .7 4 164 89 146

7 .5 6 .1 1 .23 273 83 227

Viscosity Shear Rate
(sec 1)
5.75 11.8
11.5 9.4
23 7.5
46 ' 6.1
115 4.8
230 4.3



Experiment No. 30 

Hct = 55 

RBC/Ringer

271

p Q R R^ C R^^

4 4 .3 115 0 .3 8 84 104 87

9 2 .4 227 0 .4 1 91 102 93

128 .5 283 0 .4 5 100 96 96

9 2 .5 216 0 .4 3 96 102 98

62 169 0 .3 7 82 104 85

3 9 .7 109 0 .3 6 80 99 79

1 6 .6 29 0 .5 7 127 89 113

1 9 .5 33 0 .5 9 131 89 117

6 .9 7 .7 0 .9 0 200 83 166

1 6 .7 35 0 .4 8 107 89 95

3 3 .2 80 0 .4 2 93 99 92

5 4 .8 132 0 .4 2 93 104 97

81 188 0 .4 3 96 102 98

108 234 0 .4 6 102 98 100

144 .5 300 0 .4 8 107 96 103

1 2 .5 18 0 .6 9 153 89 136

5 .5 . 5 .4 102 227 83 188



2 7 2

Experiment No. 30
Dextran

p Q R R^

98 195 0 .5 0 111

64 .5 136 0 .4 7 104

33 .5 77 0 .4 4 98

22 50 0 .4 4 98

9 18 0 .5 0 111

6 .5 9 .5 0 .6 8 151

15 32 0 .4 7 104

41 95 0 .4 3 96

83 202 0 .4 1 91
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