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Abstract:
The flow of human "blood through capillary tubes ranging from 15.1 to 36.9 microns in diameter was
studied.

It has been previously noted (2) that at small tube diameters, the red cell concentration [hematocrit) at
the exit of a capillary tube may be less than the concentration at the entrance. It was hoped to find
exactly where this decrease occurs, if at all. The red cell concentrations of the feed and discharge blood
were measured, and were found to be almost equal. Thus there is no screening effect causing a
reduction in red cell concentration with flow through small tubes.

Various feed concentrations were used, along with various flow rates. These did not change the red cell
concentration of the discharge with respect to the feed.

High molecular weight Dextrans were added to change the properties of the blood. These did not
change the results either; the discharge red cell concentration was virtually the same as the feed
concentration. 
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ABSTRACT

The f lo w  o f  human "blood, th ro u g h  c a p i l l a r y  tu b e s  r a n g in g  fro m  '
1 5 -1  t o  3 6 .9  m ic ro n s  i n  d ia m e te r -w a s  s t u d i e d .

I t  h a s  b e e n  p r e v i o u s ly  n o te d . (.2) t h a t  a t  s m a ll  t u b e  d i a m e te r s ,  
t h e  r e d  c e l l  c o n c e n t r a t io n  (h e m a to c r i t ) ,  a t  t h e  e x i t  o f  a  c a p i l l a r y ,  
t u b e  may b e  l e s s  t h a n  t h e  c o n c e n t r a t i o n  a t  t h e  e n t r a n c e .  I t  was: 
hop ed  t o  f i n d  e x a c tly -  w h ere  th is -  d e c r e a s e  o c c u rs , ,  i f  a t  a l l . '  ' The r e d  
c e l l  c o n c e n t r a t i o n s  o f  t h e  f e e d  a n d " -d isc h a rg e  b lo o d  w e re  m e a s u re d , 
and w e re  fo u n d  t o  b e  a lm o s t e q u a l .  Thus t h e r e  i s  n o .s c r e e n in g  e f f e c t  
c a u s in g  a  r e d u c t io n  i n  r e d  c e l l  c o n c e n t r a t io n  w i th  f lo w  th r o u g h  s m a ll  ' 
t u b e s . -

.V a r io u s  f e e d  c o n c e n t r a t io n s  w ere  u s e d ,." a lo n g  w i th  v a r i o u s  f lo w  
r a t e s .  T h ese  d id  n o t. change  t h e  r e d  c e l l  c o n c e n t r a t io n  o f  t h e  d i s c h a r g e  
w i th  r e s p e c t  t o  t h e  f e e d ,

h ig h  m o le c u la r  w e ig h t D e x tra n s  w ere  added  t o  ch an g e  t h e  p r o p e r -  • 
t i e s  o f  t h e  b lo o d .  T h ese  d id  n o t  ch ange  t h e  r e s u l t s  e i t h e r ;  t h e  
d i s c h a r g e  r e d  c e l l  c o n c e n t r a t i o n  w as v i r t u a l l y  t h e  same a s  t h e  f e e d  
c o n c e n t r a t i o n .  .



' BACKGROUND ■
■ - .  < 
■ : ,x  r

B lo o d  C h a r a c t e r i s t i c s  ■'

U n d e rs ta n d in g  o f  t h e  f lo w  p r o p e r t i e s  o f  b lo o d  h a s ' a p p l i c a t i o n s  

i n  many m e d ic a l  and p h a r m a c e u t ic a l  a r e a s .  By u n d e r s t a n d in g  b o t h . t h e  

m a c ro s c o p ic  an d  m ic ro s c o p ic  b e h a v io r  o f  b lo o d ,  p r e d i c t i o n s 'm a y  p o s s ib l y  

b e  made a b o u t t h e  f lo w  i n  t h e  c i r c u l a t o r y  system '; A ls o , ' t h i s  in fo rm a ­

t i o n  may b e  u s e d  i n  d e s ig n in g  su c h  m e d ic a l  equ ip m en t a s ' h e a r t - lU n g  • 

m a c h in es  and a r t i f i c i a l  o rg a n s '. K now ledge o f  t h e  m echanism s, o f  b lo o d  

f lo w  i n  g l a s s  c a p i l l a r y  tu b e s  i s  t h e  f i r s t  s t e p  i n  l e a r n i n g  a b o u t f lo w  ' 

i n  t h e  s m a l l  c a p i l l a r y  n e tw o r k s ' o f  t h e  b o d y .

B lo o d  i s  a  s u s p e n s io n  o f  c e l l s  i n  a  s o l u t i o n  c a l l e d  p la s m a . The. 

p la sm a  i s  an  aq u eo u s  s o l u t i o n  o f  o r g a n ic  and  in o r g a n ic  s a l t s ,  o th e r  

s m a l l  o r g a n ic  m o le c u le s , su c h  a s  u r e a  and  g lu c o s e ,  and  p r o t e i n s .  The 

p r o t e i n s ,  w h ic h  make up  a b o u t 7 . 0% o f  t h e  p la sm a  w e ig h t ,  a r e ' m a c ro m o l-,:, 

e c u le s  o f  m o le c u la r 'W e ig h ts  r a n g in g  fro m  4 0 ,0 0 0  t o  o v e r  1 ,0 0 0 ,0 0 0 .

T h e se  p r o t e i n s  c o n s i s t  o f  a lb u m in , f i b r i n o g e n , ,  a n d  g l o b u l i n s  . • , A lb u m in , ' ■/
-v ■ ;. 1

w i th  a  m o le c u la r  w e ig h t o f  6 9 , 0 0 0 , s e r v e s  a s  a  s u p e r  t r a n s p o r t  m o le c u le  

and  h e lp s  r e g u l a t e  p la sm a  v o lu m e . F ib r in o g e n  i s  much l a r g e r ,  w i th  a  

m o le c u la r  w e ig h t  o f  1 7 0 ,0 0 0 . I t  p l a y s  an  im p o r ta n t  r o le -  i n  t h e  c l o t t i n g  

m echan ism . T h ro m b in 'c o n v e r ts  i t  t o  f i b r i n , w h ic h  i s  t h e  monomer u s e d  : 

i n  b u i l d i n g  up  a  c l o t . ■ • “  ' .'

The c e l l s  c o n s i s t  o f  r e d  b lo o d  c e l l s  (R B C s) , w h i te  b lo o d  c e l l s ,  

and  p l a t e l e t s .  The r e d  c e l l s ,  a l s o  known a s  e r y t h r o c y t e s , make Up - 

a b o u t 97% o f  t h e  c e l l  v o lu m e .. ■ T h ese  c e l l s  hav e  a  b ic o n c a v e  d i s c  s h a p e , '-
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F i g . I  D im en sio n s  o f  a  Red B lood  C e l l

a v e ra g in g  8 .0  m ic ro n s  i n  d ia m e te r  and 2 .0  m ic ro n s  i n  t h i c k n e s s .

V a r io u s  o t h e r  v a lu e s  a r e  a l s o  r e p o r t e d  f o r  t h e  d im e n s io n s ,  h o w ev er.

A d ia g ra m  o f  a  r e d  b lo o d  c e l l  a p p e a rs  i n  F ig .  I .

The r e d  c e l l  i s  made up o f  a  f l e x i b l e  membrane w h ich  i s  e s s e n ­

t i a l l y  u n s t r e t c h a b l e .  The i n t e r i o r  o f  t h i s  n o n - n u c le a te d  c e l l  i s  a  

com plex  l i q u i d ,  c o n ta in in g  th e  h e m o g lo b in . The m em brane s e r v e s  as  a  

b a r r i e r  t o  com plex  m a c ro m o le c u le s , b u t  a l lo w s  s m a l l  m o le c u le s  t o  p a s s  

th ro u g h  r a p i d l y .  The m em brane i s  t h e  s i t e  o f  many c h e m ic a l  f u n c t io n s  

f o r  t h e  m e ta b o lis m  o f  t h e  c e l l .  The r e d  c e l l s  s e r v e  t o  t r a n s p o r t  

oxygen  and  c a rb o n  d io x id e  t o  and  from  t h e  b o d y .

The h e m a to c r i t  i s  d e f in e d  a s  t h e  volum e p e r c e n t  o f  t h e  b lo o d  t h a t  

i s  r e d  b lo o d  c e l l s . T h is  i s  fo u n d  by  c e n t r i f u g i n g  a  s m a l l  vo lum e o f  

b lo o d  and  co m p arin g  t h e  r e l a t i v e  volum e o f  p ack ed  r e d  c e l l s  t o  t o t a l  

v o lu m e . T h is  g iv e s  a c c u ra c y  t o  w i th in  9 9 $ , a s  1$ o f  t h e  p a c k e d  c e l l
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volum e i s  t r a p p e d  p la s m a . . • ■■■ ■ i-.. .

The h e m a to c r i t  c a n  r a n g e  from  37 t o  i n  h e a l t h y  hum ans.
■ . • :  - ■ ,  .

Changes i n  h e m a to c r i t  f o r  p u rp o s e s  o f  t h i s  s tu d y  w ere  m ade "by c e n t r i ­

f u g in g  t h e  sam p le  and  rem o v in g  some o f  t h e  p la s m a 'o r  r e d  c e l l  v o lu m e . ■

The w h i te  c e l l s ,  a l s o  c a l l e d  l e u k o c y t e s , a r e  s m a l l e r ' i n  num ber an d  ■ 

m ore  v a r i e d  i n  f u n c t i o n  th a n  t h e  r e d  c e l l s .  T h e re  -a re  f i v e  d i f f e r e n t ’: . 

k in d s  o f  w h i te  c e l l s :  "b a so p h ils  i, e o s i n o p h i l s ,  seg m en ted  n e u t r o p h i l s ,

m o n o c y te s , an d  ly m p h o c y te s . T h e ir  s i z e s  r a n g e  fro m  8 . t o  22 m ic ro n s  i n  

d ia m e te r '.  One o f  t h e i r  m ain  f u n c t i o n s  i s  f i g h t i n g l d i s e a s e . " T h ese  ■ 

a r e  n u c le a te d  c e l l s  and  a r e  m ore c o m p l ic a te d  in -m o rp h o lo g y  th a n  th e  r e d  

c e l l s . ' • ' . - ' ■ •

The p l a t e l e t s  C th ro m h o c y te s ) a r e  s m a l l  n o n -n u c l e a t e d  c e l l s  a b o u t ■ 

2—3 m ic ro n s  i n  d ia m e te r .  T h e i r  m ain  f u n c t i o n  i s  i n  b lo o d  c o a g u la t i o n , ,  

and  th u s  t h e y  a r e  c l o s e l y  in v o lv e d  i n  t h e  c l o t t i n g  m ech an ism , o r  hemo— 

s t a s i s .  H e m o s ta s is  i s  a c t i v a t e d  i n  v iv o  by  a  com plex' c h a in  r e a c t i o n ,  ■ 

i n i t i a t e d  o f t e n  by  t h e  ro u g h  edges o f  a  c u t  i n  a  v e s s e l  w a l l . . '  T h is  i s  

o f  i n t e r e s t  i n - t h e  p r e s e n t  s t u d y , a s  t h e  ro u g h  ends o f  g l a s s  . c a p i l - . 

I a r i e s  may a l s o  in d u c e  th e  c l o t t i n g  m echan ism . - . ■ - ■ 1 ■"

I n  s tu d y in g  t h e  f lo w  o f  b l o o d , a s  w e l l  a s  i n  b lo o d  b a n k in g  f o r

m e d ic in a l  t r a n s f u s i o n  o r  - i n  c l i n i c a l  t e s t i n g  o f  b lo o d ,  c l o t t i n g  p r e s e n t s  .
■

a  s e r i o u s  p ro b le m . V a r io u s  a n t i - c o a g u l a n t s  a r e  u s e d , i n c l u d in g  an  

a c i d i f i e d - c i t r a t e - d e x t r o s e  .(ACD) s o l u t i o n  i n . t h e  s t o r a g e  "bags , and



h e p a r i n ,  a  m u c o p o ly s a c c h a r id e  o b ta in e d  fro m  dogs an d  c a t t l e ,  .used in -  ' 

h e m a to c r i t  t u b e s  t o  p r e v e n t  c o a g u la t i o n .  T hese  compounds i n t e r f e r e  w i th  

t h e  c l o t t i n g  m ech an ism , u s u a l l y  by  b in d in g  some p r o t e i n  i n  t h e  r e a c t i o n  

p a th w a y , o r  by  c h e l a t i n g  G alcium  i o n s ,  w h ic h . a r e  e s s e n t i a l  f o r  t h e  

c l o t t i n g  p r o c e s s .

When c e n t r ifuging-'--the- sam ples-, th e r r e d ; .  cells.... are= found ; in- ,the- ho tse  • 

tom  o f  t h e  t u b e . w i th  a  t h i n  w h i te  l a y e r  on t h e  s u r f a c e  o f  t h e  red- c e l l ,  

p a c k  ■ c o n ta in in g  t h e  w h i te  c e l l s  and p l a t e l e t s i ■ I t  c a n  b e  rem oved f o r

i n v e s t i g a t i o n s  i n v o lv in g  o n ly  r e d  c e l l s  ah d  p la s m a . ' ' .T h is  d e c r e a s e s  

t h e  p o s s i b i l i t i e s  o f  c l o t t i n g ,  due t o  t h e  l a c k  o f  p l a t e l e t s . .

I n  n o rm a l , n o n - f lo w in g  b lo o d ,  t h e  r e d  c e l l s  c a n  a g g r e g a te  f a c e - t o -  

f a c e  i n t o  a  c l u s t e r  known a s  a  r o u l e a u . A t s u f f i c i e n t l y  h ig h  s h e a r  

r a t e s  t h e s e  r o u le a u x  b r e a k  up  and t h e  r e d  c e l l s  e x i s t  i n d i v i d u a l l y .

The a d d i t i o n  o f  h ig h  m o le c u la r .w e ig h t D e x tra n s  i n c r e a s e s  t h e  f o r m a t io n . . • 

o f  t h e  r o u le a u x .  . --

Many o f  b l o o d ’ s p r o p e r t i e s  v a r y  g r e a t l y  from  d o n o r t o  d o n o r .

H e m a to c r i t  and  p r o t e i n  c o n te n t"  a r e  among t h e  c h a r a c t e r i s t i c s  t h a t  h av e  

l a r g e  n o rm a l r a n g e s .  -But f o r  th e  enzyme s p e c i f i c i t y  o f  t h e  b o d y 's ;-  

m e ta b o l ic  f u n c t i o n s , t e m p e r a t u r e ,VpH an d  io n ic  s t r e n g t h  a r e  v i r t u a l l y  

t h e  same l e v e l  i n  a l l  hum ans.- T h u s , when w o rk in g  w i t h  b ip o d ,  one h a s  

t o  c o n s id e r  b o th  t h e  s i m i l a r i t i e s  and t h e  d i f f e r e n c e s  e n c o u n te re d  '. 

from  sam p le  t o  s a m p le . .- -
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B lo o d  R heo logy

R heo logy  i s  t h e  s tu d y  o f  t h e  f lo w  p r o p e r t i e s  o f  a  f l u i d , d e a l in g  

e s p e c i a l l y  w i th  v i s c o e l a s t i c  and non-ITewto n ia n  f l u i d s . B lood  rh e o lo g y  

i s  c o n c e rn e d  w i th  u n d e r s ta n d in g  t h e  e f f e c t s  v a r io u s  ch an g es  i n  th e  

b lo o d  w i l l  h av e  on i t s  m e a s u ra b le  p r o p e r t i e s .

S h e a r  s t r e s s  f o r  u n i d i r e c t i o n a l  f lo w  b e tw een  tw o p a r a l l e l  p l a t e s  

i s  t h e  f o r c e  r e q u i r e d  p e r  u n i t  a r e a  t o  move a  to p  l a y e r  o f  l i q u i d  o v e r  

a  lo w e r  l a y e r . T h is  c a n  b e  e x p re s s e d  as

T1T = — ( dyne s / c m2 )

The s t r a i n  r a t e  i s  t h e  v e l o c i t y  g r a d i e n t  and  i s  g iv e n  by

I Ax 
At Ay ( s e c ^ 1 )

f o r  a  l a y e r  o f  l i q u i d  Ay cm. t h i c k  m oving a  maximum r e l a t i v e  d i s t a n c e  

Ax. The v i s c o s i t y  c o e f f i c i e n t  i s  t h e  s h e a r  . s t r e s s  d iv id e d  by  t h e  s t r a i n  

r a t e

n = —r— (d y n e s /c m 2 , o r

and i s  a  m ea su re  o f  t h e  f o r c e  r e q u i r e d  t o  move one l a y e r  o f  f l u i d  o v e r  

a n o th e r  a t  a  g iv e n  s h e a r  r a t e .

I f  one m easu red  t h e  v i s c o s i t y  o f  a  sam ple  o f  w a te r  a t  d i f f e r e n t  

s h e a r  r a t e s , he  w ould  come o u t w i th  a  c o n s ta n t  v i s c o s i t y .  B ut w i th  

b lo o d ,  t h e  v i s c o s i t y  v a r i e s  o v e r  t h e  r a n g e  o f  s h e a r  r a t e s ,  b e in g  h ig h e r  

a t  low  s h e a r  r a t e s ,  an d  lo w e r a t  h ig h  s h e a r  r a t e s . .  The v a lu e s  o b ta in e d



a r e  te rm e d  a p p a re n t  v i s c o s i t y , a s  th e y  a r e  t h e  v a lu e s  t h e  b lo o d  w ould 

e x h i b i t  a t  a l l  p o i n t s  o n ly  i f  t h e  b lo o d  w ere  N ew to n ian . F o r some p u r ­

p o s e s ,  a  m ore s i g n i f i c a n t  num ber i s  t h e  r e l a t i v e  v i s c o s i t y , w hich  i s  t h e  

r a t i o  o f  t h e  a p p a re n t  v i s c o s i t y  o f  t h e  b lo o d  t o  t h a t  o f  t h e  su sp e n d in g  

m edium , i n  t h i s  c a s e  t h e  p la sm a .

P o i s e i u l l e  was one o f  t h e  f i r s t  t o  s tu d y  th e  f lo w  o f  b lo o d . H is 

fam ous p r e s s u r e  d r o p - f lo w  r a t e  r e l a t i o n s h i p  f o r  s te a d y  f lo w  th ro u g h  a  ■ 

tu b e  was o r i g i n a l l y  d e v e lo p e d  f o r  b lo o d  f lo w ;  h o w ev er, i t  o n ly  a p p l i e s  

t o  N ew ton ian  f l u i d s  su ch  a s  w a t e r , a l c o h o l ,  and m e rc u ry — t h e  f l u i d s  he  

w orked  w i th .

w here  Q = f lo w  r a t e ,  AP = p r e s s u r e  d r o p , R = tu b e  d ia m e te r ,  L = a x i a l  

l e n g t h  o f  t h e  t u b e , and  n = v i s c o s i t y  c o e f f i c e n t . T h is  a p p l i e s  t o  b lo o d  

o n ly  when th e  f lo w  h a s  m o d e ra te  t o  h ig h  s h e a r  s t r e s s e s .

N on-N ew ton ian  f lo w  o c c u rs  f o r  b lo o d  i n  a  tu b e  l e s s  t h a n  300 m ic ro n s  

i n  d ia m e te r  when t h e  f lo w s  a r e  p h y s i o l o g i c a l l y  s i g n i f i c a n t .  T h is  was 

i n v e s t i g a t e d  by  F a h ra e u s  and L in d q v is t  i n  1929 (7 ) •  They u s e d  a c a p i l ­

l a r y  v is c o m e te r  t o  s tu d y  t h e  r e l a t i o n s h i p  b e tw een  tu b e  d ia m e te r  and 

v i s c o s i t y  a t  su c h  h ig h  s h e a r  r a t e s  t h a t  t h e  b lo o d  a c te d  a s  a  N ew ton ian  

f l u i d .  They fo u n d  t h a t  t h e  r e l a t i v e  v i s c o s i t y ,  t h a t  i s ,  t h e  v i s c o s i t y  

fo u n d  by  t a k i n g  t h e  r a t i o  o f  t h e  a p p a re n t  v i s c o s i t y  o f  b lo o d  t o  t h e



v i s c o s i t y  o f  w a t e r ,  d e c r e a s e s  w i th  tu b e  d i a m e te r . '-This-..lo w e r in g ' o f  • ■

t h e  v i s c o s i t y  i s  o f  g r e a t  s i g n i f i c a n c e  t o  t h e  b o d y , a s  i t  a l lo w s  t h e  ■ 

h e a r t  t o  pump a  g iv e n  volum e o f  b lo o d  th ro u g h  th e  c i r c u l a t o r y  system ' . 

w i th  a  s m a l le r  p r e s s u r e  d ro p  th a n  i f  t h e  b lo o d  h a d  a  c o n s ta n t  v i s c o s i t y  

The p r e s s u r e  d ro p  a c r o s s  t h e  human c i r c u l a t o r y  sy s te m  h a s  b e e n  fo u n d  • -

t o  b e  a b o u t 120 mm Hg. '

- A n o th e r  f a c t o r  a f f e c t i n g  t h e  v i s c o s i t y . o f  b lo o d  i s  t h e  h e m a t o c r i t .  

The r e s u l t s  o f  an  i n v e s t i g a t i o n  by  Chi-en, e t . a l .  ( 6 ). a r e  shown i n  • 

T ig .  2 . The v i s c o s i t y  o f  s u s p e n s io n s  o f  c e l l s  h a rd e n e d  w i t h .g l u t a r - ' 

a ld e h y d e  o r  a c e ta ld e h y d e  an d  o f  n o rm a l c e l l s  was m e a su re d  a s  a  f u n c t i o n  

o f  h e m a t o c r i t .  T h ese  c e l l s  w e re  a l l  su sp e n d e d  i n  R i n g e r '.s s o l u t i o n .

The h a rd e n e d  c e l l s  show l i t t l e  s h e a r  d e p e n d e n c e , b u t  t h e  n o rm a l c e l l s  

show d e p e n d e n c e  on b o th  h e m a to c r i t  and  s h e a r  r a t e . .

T h is  d e c r e a s e  i n  v i s c o s i t y  w i th  in c r e a s in g ,  s h e a r  r a t e  i s  f u r t h e r  

i l l u s t r a t e d  i n  T ig .  3 . The d e f o r m a b i l i t y  o f  t h e  n o rm a l c e l l s  c a u s e s  ■ 

them  t o  s l i p  p a s t  one a n o th e r  much m ore e a s i l y ,  th u s  lo w e r in g  t h e  

v i s c o s i t y .  T h is  i s  n o t  t h e  c a s e  f o r  h a rd e n e d  c e l l s .  The m arked  d i f ­

f e r e n c e  i n  v i s c o s i t y ,  e s p e c i a l l y  a t  h ig h  s h e a r  r a t e s ,  i s  e a s i l y  s e e n . '

A d d i t io n  o f  D e x tra n -^ O  f u r t h e r  d e c r e a s e s  th e  r e l a t i v e -  v i s c o s i t y  a t  

h ig h  s h e a r  r a t e s .  T h is , i s  due  t o  an  i n c r e a s e d  p la sm a  v i s c o s i t y ,  w h ich  

a c t s  t o  de fo rm  t h e  r e d  c e l l s  even  m o re . T h is  i s  shown i n . F i g .  U, w h ere  

v a r io u s  c o n c e n t r a t io n s ,  o f  D extran-U O  w ere  added  t o  t h e  s u s p e n d in g  m ed ia
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CELL CO N CENTRATION (%)

F i g . .2 V i s c o s i t y  D ependence  on H e m a to c r i t
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SHEAR RATE (see"')
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n o r m a l RBC (Cti45%) IN
RINGER SOLUTION (n_o*0.71cP) 

„ + 6 % Dx 40 ( l o« 2-0 cP) 
» 4 30 % Dx 40 Cq0-^a.? cP)

▲
a

D a ta  o f  C h ie n , e t . a l .  (1971)

F iG . ^ I n c r e a s e  i n  Fed C e l l  D e f o rm a M li ty  Due t o  A d d i t io n  o f  D ex tran -IiO  t o  P iusm a

A) S h e a r  R a te  V s. R e l a t i v e  V i s c o s i t y
B ) S h e a r  S t r e s s  V s. R e l a t i v e  V i s c o s i t y
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i n  t h i s  c a s e  R in g e r  s o l u t i o n .  The a b s c i s s a  i s  s h e a r  r a t e  in  A and 

s h e a r  s t r e s s  in  B.

The fo rm a t io n  o f  ro u le a u x  by r e d  c e l l s  a l s o  h a s  an  e f f e c t  on th e  

v i s c o s i t y .  T h ese  ro u le a u x  a r e  b ro k e n  up  a t  h ig h  s h e a r  r a t e s , b u t  a t  low  

s h e a r s  th e y  s e r v e  t o  i n c r e a s e  t h e  v i s c o s i t y .  F i g . 5 shows t h e  d epend ­

en ce  o f  n o rm a l r e d  c e l l s  su sp en d e d  i n  p la sm a  and  in  a  R in g e r  s o l u t i o n  

c o n ta in in g  11$ a lb u m in . T h is  l a t t e r  s o l u t i o n  do es  n o t  a l lo w  th e  r e d  

c e l l s  t o  a g g r e g a te .  A d d i t io n  o f  h ig h  m o le c u la r  w e ig h t D e x t r a n s , su ch

NORMAL RBC 

(C=45%)in Plasma

AggregarIon

i n  11 '/, A l b . -  R i n g

D a ta  o f  C h ie n 5 e t . a l .  (.1971)
I I I 111'I

SHEAR RATE (sec"1)

F i g .  5 C hanges i n  V i s c o s i t y  Due t o  Red C el -n e g a t io n
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a s  D e x tra n -2 5 0 , i n c r e a s e s  t h e  a g g r e g a t io n  o f  t h e  c e l l s ,  h o w e v e r, and  

a  r e v e r s e  e f f e c t  w ould  o c c u r . The D e x tra n -2 5 0  l i n e  w ould  h e  above th e  

l i n e  f o r  n o rm a l c e l l s  i n  t h i s  c a s e .

F u r th e r  i n v e s t i g a t i o n  i n t o  t h e  r e l a t i o n s h i p  b e tw e en  v i s c o s i t y  and 

tu b e  d ia m e te r  h a s  l e d  t o  t h e  d i s c o v e r y  t h a t  f o r  tu b e s  l e s s  t h a n  360 

m ic ro n s  i n  d ia m e te r ,  t h e  h e m a to c r i t  i s  a c t u a l l y  l e s s  i n  t h e  tu b e  th a n  

i n  t h e  f e e d  r e s e r v o i r ,  and  y e t  t h e  h e m a to c r i t  o f  t h e  b lo o d  i n  a  d i s ­

c h a rg e  r e s e r v o i r  was v i r t u a l l y  t h e  same a s  t h e  f e e d .  M ass b a la n c e  

c o n s id e r a t io n s  r e q u i r e , t h e r e f o r e , t h a t  t h e  a v e ra g e  r e d  c e l l  v e l o c i t y  

m u st e x c ee d  t h a t  o f  t h e  b u lk  v e l o c i t y  o f  t h e  w ho le  b lo o d .  A num ber o f  

m echanism s h av e  b e e n  p ro p o se d  t o  a c c o u n t f o r  t h i s  e f f e c t . The Yand 

e f f e c t  a llo w s  f o r  a  l a y e r  o f  p la sm a  n e x t  t o  t h e  w a l l  o f  t h e  tu b e  in  

w h ich  t h e  l o c a l  c o n c e n t r a t io n  o f  r e d  c e l l s  i s  lo w er th a n  i n  t h e  c e n te r  

o f  t h e  tu b e  b e c a u s e  t h e  c e n t e r s  o f  t h e  p a r t i c l e s  c a n n o t p o s s ib l y  be  

AT t h e  tu b e  w a l l . C l l )• T h is  w ould  g iv e  a  h ig h e r  c o n c e n t r a t io n  o f  r e d  

c e l l s  i n  t h e  f a s t  m oving c e n te r  p o r t i o n ,  and  a  low  c o n c e n t r a t i o n ,  in  

f a c t , a lm o s t z e ro  c o n c e n t r a t i o n ,  i n  t h e  s lo w  p o r t i o n  n e x t  t o  t h e  w a l l . 

F i g .  6) shows a  s c h e m a tic  c o m p a riso n  o f  t h e  .v e lo c i ty  p r o f i l e  o f  t h e  

w ho le  b lo o d  com pared t o  t h a t  o f  r e d  c e l l s  o n ly .

The tu b e  h e m a to c r i t  was fo u n d , by B a rb e e  and C o k e le t  C l ) ,  t o  

d e c re a s e  w i th  d e c r e a s in g  tu b e  d i a m e te r , a s  i s  shown i n  F i g .  '7• However 

t h e  h e m a to c r i t  i n  t h e  d i s c h a r g e  r e s e r v o i r  re m a in e d  th e  same u n t i l  tu b e s
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F ig ,  6 C om parison  o f  H e m a to c r i t  P r o f i l e  and  V e lo c i ty  P r o f i l e  i n  a  C a p i l l a r y  Tube
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F i g . 7 D e c re a s e  i n  Tube H e m a to c r i t  w i th  D e c re a s in g  Tube D ia m e te r
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a  23 m ic ro n  d ia m e te r  w ere  i n v e s t i g a t e d .  F o r  s m a l le r  t u b e s  i t  was 

fo u n d  t h a t  some e f f e c t  was c a u s in g  s c r e e n in g  o f  t h e  c e l l s  a t  t h e  tu b e  

e n t r a n c e ,  b e c a u s e  t h e  e x i t  h e m a to c r i t s  w ere  l e s s  t h a n  t h e  f e e d  hem a- . 

t o c r i t s .

The p r e s e n t  i n v e s t i g a t i o n  was u n d e r ta k e n  t o  f u r t h e r  s tu d y  t h i s
i

d e c r e a s e  i n  e x i t  h e m a t o c r i t . D a ta  fro m  B a rb e e  ( 2 ) a r e  a y a i l a b l e - f o r  

tu b e s  w i th  d ia m e te r s  o f  8 .1 ,  1 2 .5 ,  and  23 m ic r o n s ,  a s  shown i n  f i g .  8 , 

T h is  g ra p h  assum es t h a t  no f lo w  o c c u rs  f o r  n o rm a l c e l l s  th r o u g h  diam= 

e t e r s  l e s s  t h a n  2 .8  m ic r o n s ,  a s  r e p o r t e d  b y  G r e g e r s e n , e t . a l .  ( 9 )•

The s t r a n g e  b e h a v io r  b e tw e e n  8 .1  m ic ro n s  and 1 2 .5  m ic ro n s  w as assum ed 

t o  o c c u r  b e c a u s e  o f  " c ro w d in g "  a t  t h e  e n t r a n c e  o f  t h e  1 2 .5  m ic ro n  tu b e  

tw o c e l l s  s t r u g g l i n g  t o  e n t e r  t h e  t u b e , and  th u s  b lo c k in g  i t .  T h is  

s h o u l d n 't  o c c u r  a t  t h e  8 .1  m ic ro n  t u b e , a s  t h e  c e l l s  ca n  e n t e r  o n ly  

one a t  a  t im e ,  and  m u st p ro c e e d  i n  s i n g l e  f i l e  down t h e  t u b e .

T h is  s tu d y  was done  t o  o b t a i n  f u r t h e r  d a ta  u s in g  f i v e  tu b e  s i z e s :  

1 5 .1 ,  l 6 . 1 ,  1 9 .H, 2 8 .5 ,  a;nd ;'36 .5  m ic r o n s .  The d a ta  o b ta in e d  f i l l s  i n  

some o f .t h e  g ap s  on t h e  g ra p h  i n  F i g .  8 , an d  h o p e f u l ly  w i l l  show 

e x a c t ly  w h ere  t h e  d r o p - o f f  i n  e x i t  h e m a to c r i t  o c c u r s .
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RESEARCH OBJECTIVES

T h is  r e s e a r c h  was u n d e r t a k e n . t o  i n v e s t i g a t e - t h e  d i s c r e p a n c i e s  1 

fo u n d  i n  t h e  r e l a t i o n s h i p  "between e n t r a n c e  and  .e x i t  h e m a t o c r i t s .  F iv e  

tu b e  s i z e s  w ere  s tu d i e d :  1 5 .1 ,  l 6 . 1 ,  1 9 ,  2 .8 .5 , and. 3 6 .5  m ic r o n s /  -

I n  p r e v io u s  s t u d i e s , t h e  d r o p - o f f  e f f e c t  was- fo u n d  " to  o c c u r  som ew here 

i n  t h e  r a n g e  "between 23 and  59 m ic r o n s .  By u s in g  t h e s e  t u b e  . s i z e s ,  i t  

w as h o p ed  t o  p i n p o i n t  t h i s  r a n g e ,  and  f u r t h e r  s tu d y " th e  r e g i o n  o f  

tu b e s  s m a l le r  t h a n  t h i s  r a n g e .  . '

By a d d in g  h ig h  m o le c u la r  w e ig h t D e x tra n s  t o  the" b lo o d  p la s m a , a  

r e l a t i o n s h i p  o f  t h e  b lo o d  c e l l s  t o  v a r io u s  s u s p e n d in g  m ed ia  c o u ld  b e -  

fo u n d . . I f  t h e  e f f e c t  o c c u r r e d  a t  a  g iv e n  tu b e  d i a m e te r ,  a  ch an g e  i n  

t h e  b lo o d  v i s c o s i t y  m ig h t e i t h e r  i n c r e a s e  o r  d e c r e a s e  t h e - e f f e c t .

D i f f e r e n t  f lo w  r a t e s  and  f e e d  h e m a to c r i t s  w e re  a l s o  i n v e s t i g a t e d  - 

t o  s e e  i f  t h i s  c o u ld  h a v e  any  i n f lu e n c e ,  on t h e  e f f e c t .  '



APPARATUS

B lood  P r e p a r a t i o n

B lo o d  was draw n from  h e a l th y  d o n o rs  by  s ta n d a r d  b lo o d  b a n k in g  

m e th o d s . A c i d i f i e d - c i t r a t e - d e x t r o s e  (.ACD) s o l u t i o n  was u s e d  a s  an 

a n t i - c o a g u l a n t  and t h e  b lo o d  was s to r e d  a t  ^ 0C . u n t i l  u s e d .

P lu g g in g  o f  t h e  c a p i l l a r y  tu b e s  was one o f  t h e  m a jo r  p ro b le m s ,■ and 

a  num ber o f  s t e p s  w ere  t a k e n  t o  asro id  t h i s  e f f e c t . The sam p les  o f  

b lo o d  w ere  f i l t e r e d  th ro u g h  Swank B lood  U ic ro e m b o li  f i l t e r s  t o  rem ove 

any m ic ro e m b o li  a g g r e g a te s  w h ich  may h av e  fo rm ed  d u r in g  s to r a g e .  T hese  

f i l t e r s  rem ove any  d e b r i s  down t o  10 m ic ro n s  and a l lo w  t h e  r e d  c e l l s  

t o  p a s s  th ro u g h  w i th  no h e m o ly s is  ( b u r s t i n g  o f  c e l l s )  o r  damage t o  

t h e  c e l l s .

C o a g u la t io n ,  p re su m a b ly  i n i t i a t e d  by  t h e  p l a t e l e t s ,  was c a u s in g  

p lu g g in g , e s p e c i a l l y  w i t h  u n i t s  o f  b lo o d  one t o  tw o days o l d .  S o , t h e  

sam p les  w ere  c e n t r i f u g e d  and  th e  h u f f y  c o a t  rem oved . T h is  c o n ta in s  t h e  

w h i te  c e l l s ,  w h ich  may r a n g e  up  t o  22 m ic ro n s  i n  d i a m e te r ,  and  th e  

p l a t e l e t s ,  w h ich  p la y  an  im p o r ta n t  r o l e  i n  c o a g u la t io n .  P lu g g in g  was 

m ost s e r i o u s  w i th  t h e  s m a l l e s t  tu b e  s i z e s .  I t  was fo u n d  t h a t  s t o r i n g  

t h e  b lo o d  4 -5  d ay s  a llo w e d  m o st o f  t h e  p l a t e l e t s  t o  d i s i n t e g r a t e ,  

th e r e b y  r e d u c in g  th e  p lu g g in g  p rob lem s- i n  t h e s e  t u b e s .

P o r  t h e  w h o le  b lo o d  r u n s , t h e  c e l l s  w ere  r e s u s p e n d e d  i n  th e  p la sm a  

a f t e r  rem ov ing  t h e  h u f f y  c o a t . When t h e  two D e x tra n  s o lu t i o n s  w ere 

u s e d , t h e  v i s c o s i t y  o f  t h e  p lasm a  was m e a su red  i n  a  W e lls -B ro o k f ie ld
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v is c o m e te r  a t  3 7 °C . The p la sm a  was w e ig h e d , D e x tra n  was added ,, and 

th e  v i s c o s i t y  o f  t h e  p la s m a -D e x tra n  s o l u t i o n  was m e a su re d  i n  th e  

v i s c o m e te r .  C o n c e n t r a t io n s  o f  t h e  D e x tra n  w ere  2.0% p la sm a  w e ig h t 

D e x tra n -^ O , and 0.5% p la sm a  w e ig h t D e x tra n -2 5 0 . The p la sm a  was th e n  

rem ix ed  w i th  c e l l s  t o  g iv e  a  h e m a to c r i t ,  r a n g e  b e tw een  35 and ^ 5%•

Tube P r e p a r a t i o n

F iv e  s i z e s  o f  c a p i l l a r y  tu b e s  w ere  u s e d .  M easurem ent o f  th e  

e x a c t  tu b e  d ia m e te r s  was done i n  two w ay s. I n i t i a l l y ,  d i s t i l l e d  w a te r  

was ru n  th ro u g h  t h e  29 and  37 m ic ro n  tu b e s  a t  s te a d y  s t a t e ,  and  th e  

p r e s s u r e  d ro p  was m e a s u re d . T h is  was u s e d  w ith  P o i s e u i l l e ’ s e q u a t io n  

t o  d e te rm in e  t h e  tu b e  d ia m e te r .  A d ia g ra m  o f  t h e  a p p a r a tu s  u s e d  . 

a p p e a rs  i n  F i g . 9- T h ese  tu b e s  w ere  m e a su red  t o  b e  2 9 .2  and  3 8 .2  

m ic ro n s  by  t h i s  m eth o d .

P h o to g ra p h s  o f  t h e  ends o f  t h e  tu b e s  w ere  a l s o  u s e d  t o  c a l i b r a t e  

t h e  tu b e  d ia m e te r s .  Tube l e n g th s  a p p ro x im a te ly  1 .0  cm. lo n g  w ere 

b a la n c e d  on a  m ic ro s c o p e  s l i d e  in  c l e a r  n a i l  p o l i s h .  When t h e  p o l i s h  

d r i e d ,  t h e  tu b e s  w ere  sn a p p ed  o f f  c lo s e  t o  t h e  s u r f a c e  o f  t h e  h a rd e n e d  

en am e l. T h ese  w ere  t h e n  p h o to g ra p h e d  w i th  a  m ic ro sc o p e  and  an  o i l  

im m ersio n  l e n s  a t  1000X m a g n i f i c a t i o n ,  a lo n g  w ith  a  m ic r o m e te r , w hich  

was u s e d  a s  a  r u l e r  t o  m ea su re  th e  i n s i d e  d ia m e te r  o f  t h e  t u b e s . The 

m easu red  tu b e  s i z e s  w ere  1 5 . 1 , l€>.1 , 1 9 • 2 8 .5  3 6 .9  m ic ro n s .
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T h e re  was a  d i f f e r e n c e  o f  2.k0%  f o r  t h e  29 S i i c r o n tu h e  a n d  3 .3 1 #  f o r  

t h e  37 m ic ro n ' tu b e  b y  t h e s e  tw o m e th o d s . - ■

P h o to g ra p h s  w e re  a l s o  t a k e n  o f  t h e  tu b e s  a t  IOOZ m a g n i f i c a t i o n .

T h e se  show t h a t  t h e  tu b e s  sn ap  o f f  p e r p e n d ic u l a r  t o  t h e  a x i a l  l i n e  o f-:, 

f lo w  i n  m ost- c a s e s .  ■ E ven a  s l i g h t  a n g le  d o es  n o t  c a u s e  much ch ange  

i n  t h e  t u b e  o p e n in g , a s - t h i s  i s  su c h  a, sm a ll, a r e a ,  o f  th e n  e n t i r e  end. o f ’ 

t h e  t u b e .  T h is  p r e c lu d e s  any  p o s s i b l e  v a r i a t i o n  i n  e n t r a n c e  e f f e c t s  

due t o  c e l l s  e n t e r in g  t h e  t u b e  a t  an  a n g l e .

The tu b e s  w ere  c u t  i n t o  a p p ro x im a te ly  1 0 .0  cm', l e n g t h s  and g lu e d  

i n t o  s ta n d a r d  t a p e r  j o i n t s  w i th  epoxy g l u e .  O n e .tu b e  was u s e d  f o r  th e  

29 and  3 7  m ic ro n  tu b e  s i z e s . By g lu in g  tw o tu b e s  i n  p a r a l l e l  .in  a 

s ta n d a r d  t a p e r  j o i n t ,  tw o m ic r o h e m a to c r i t  sam p les  w ere  o b ta in e d  i n  t h e  

same t im e .  T h is  was done f o r  t h e  1 5 , 1 6 , and  19 m ic ro n  tu b e  s i z e s : .

The f i t t i n g s  w ere  r e - e n f o r c e d  w i th  b r a s s  w i r e ,  g lu e d  t o  t h e  s ta n d a r d  

t a p e r  j o i n t  w i th  e p o x y , p a r a l l e l  t o  t h e  c a p i l l a r y  t u b e s .  '

F r e q u e n t ly  t h e  tu b e  p lu g g in g  seem ed t o  o c c u r  a t  t h e  e n t r a n c e  or- 

e x i t  o f  t h e  t u b e .  A p o s s i b l e  r e a s o n  f o r  t h i s  i s  t h a t  t h e  s h a rp  edges o f = 

t h e  c a p i l l a r y  a g g r a v a te d  t h e  p l a t e l e t s  and  in d u c e d  t h e  c l o t t i n g  a c t i o n .

I n  any  c a s e ,  sn a p p in g  o f f  a  m i l l i m e t e r  o r  tw o o f  t h e  en d s  and  f o r c in g  

i s o t o n i c '  s a l i n e  th ro u g h  t h e  tu b e  c o u ld  som etim es r e s t o r e  i t  t o  u t i l i t y . "■
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F lo v  A p p a ra tu s  ' ' ! ■

The f lo w  e q u ip m en t c o n s i s t s  o f  a ’pum p, a  g a s - t i g h t  s y r i n g e , ' a  f e e d ,  

r e s e r v o i r , t h e  g lu e d  t u b e s , and a  m ic ro h e m a to c r i t  t u b e  u s e d  a s  a s -e o lr  

l e c t i o n  r e s e r v o i r .  .■ The pump f o r c e s  l iq u i d -  i n t o  o r  o u t  o f  t h e  s y r in g e  • 

a t  v a r io u s  f lo w  r a t e s . V a r io u s  s y r i n g e 's i z e s  may- b e  u s e d  ; t h i s  a l lo w s  ' . 

g r e a t e r  v a r i a t i o n  . in  f lo w  r a t e .  . . ' '  .

The l i q u i d  fro m  t h e  s y r in g e  i s  f o r c e d  i n t o  t h e  f e e d  r e s e r v o i r , 

w h ic h  i n  t u r n  f o r c e s  t h e  b lo o d  o u t  th ro u g h  t h e  c a p i l l a r y - : i n t o  t h e  I  

m ic r o h e m a to c r i t  t u b e . T h ree-w ay  v a lv e s  a r e  l o c a t e d  a lo n g  t h e  tu b in g  

b e tw e e n  t h e  s y r in g e  and  t h e  f e e d  r e s e r v o i r  t o  a l lo w  r e f i l l i n g  and 

c le a n in g  t h e  s y r in g e  o r  t h e  r e s e r v o i r  w i th o u t  d i s a s s e m b l in g  t h e  e n t i r e -  

a p p a r a tu s  . , . . . . ' . ] . •• - ■ : ' . . ■ . ' • v" .

The r e s e r v o i r  i s  a  p l e x i g l a s s  c y l i n d e r  p o s i t i o n e d  o v e r ' a  m a g n e tic  

s t i r r e r  t o  in s u r e - u n i f o r m  d i s t r i b u t i o n  o f  th e  r e d  c e l l s . i n  t h e  f e e d .  ’ I t -  

i s  f i t t e d  w i t h  a- 5 /2 0  s ta n d a r d  t a p e r  j o i n t  and m e ta l  sc re w s  -fo r  h o ld in g  

t h e  c a p i l l a r y  tu b e  i n  p l a c e . '

The. e n t i r e ,  a p p a r a tu s  i s  s u r ro u n d e d  by  a  p l e x i g l a s s  - b o x , w h ic h .a llo w s  

f o r  a c c u r a t e  t e m p e r a tu r e  and h u m id ity  c o n t r o l .  W a te r c a n .b e  e v a p o ra te d  

i n t o  t h e  a tm o sp h e re  o f  t h e  box  t o  keep  i t  hum id . -

A d ia g ra m  o f  ■ t h e  - 'e n t i r e  " a p p a ra tu s  a p p e a rs  i n  F i g .  10.. •
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PROCEDURE

' The e n t i r e  s y s te m  i s  f i l l e d  w i th  l i q u i d  e x c e p t ' f o r  t h e  f e e d  \ , 

r e s e r v o i r . The "blood sa m p le  i 's  p o u re d  i n t o  t h e  r e s e r v o i r  a n d  so m e -is ' 

d raw n  up  i n t o  t h e  s y s te m  to w a rd s  t h e  - s y r in g e  L .O r i g in a l ly  V . i s o t o n i c  

S a l in e  w as u s e d  i n ' t h e  s y s te m ; h o w e v e r , i t  was fo u n d  t h a t  t h i s  was 

c h a n c in g  t h e  f e e d  h e m a t o c r i t .  A s i l i c o n e  f l u i d  o f  .a v i s c o s i t y  o f .  

a b o u t  5 c p .  w as u s e d  i n s t e a d ,  a s - t h i s  i s  im m is c ib le  w i t h  t h e  b lo o d ..

The h e m a to c r i t  i s  t a k e n  o f  t h e  sam p le  .in  t h e  f e e d  r e s e r v o i r " , ' t h e  

s y s te m  i s  s e a l e d ,  and  t h e  pump i s  t u r n e d  o n . H e m a to c r i t  t u b e s  a r e .  ■. 

p l a c e d  on  t h e  en d s  o f  t h e  c a p i l l a r y  t u b e s  'a n d  s e a l e d ,  e i t h e r  a t  t h e  V 

r e s e r v o i r  end  w i th  V a s e l i n e , o r  a t  t h e  o t h e r  end w i t h  C r i t o s e a l , t o  

p r e v e n t  e v a p o r a t io n  o f  p la sm a  from  t h e  s a m p l e . ’ When a. l a r g e  e n o u g h /:  

sam p le  i s  o b t a i n e d ,  t h e  tu b e s  a r e  rem oved  and  c e n t r i f u g e d  t o  o b t a i n  " 

t h e  u r s c h a r g e  h e m a t o c r i t . . • . .  ' ■

M ic r c h e m a to c r i t  M ethod -

W e ll-m ix e d  a n t i - c o a g u l a t e d  "blood i s  draw n up- i n t o  a  m ic r o h e m a to c r i t  

tu b e  (75  x . l . , 5 mm)' t o  a p p ro x im a te ly  t h r e e - f o u r t h s ’ o f  i t s  l e n g t h . - One 

end  o f  t h e  t u b e  i s  s e a l e d / 'w i th  C r i t o s e a l  m o ld in g  c l a y ,  an d  t h e  . tu b e  i s  

c e n t r i f u g e d  in.: a - m ic r o h e m a to c r i t  c e n t r i f u g e  a t  550Og f o r  . t e n  m in u t e s ." 

The h e m a t o c r i t  i s  c a l c u l a t e d  b y  m e a s u r in g  t h e  l e n g t h  o f  t h e ■r e d  c e l l ,  

vo lum e ( .e x c lu d in g  t h e  h u f f y  c o a t ,  i f  an y ) and  d i v id i n g  t h i s " b y  t h e " " 

l e n g t h  o f  t h e  e n t i r e  s a m p le . T h is  f r a c t i o n  i s  r e p o r te d "  a s  a; p e r c e n t .

The n o rm a l r a n g e  i n  h e a l th y -  hum ans i s  37 t o  5 * $ ."  ■ - ' -
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E i t h e r  j u s t  " b e fo re , o r  j u s t  a f t e r ,  a  ru n  i s  m ade', ■ tsro r iic ro h e m a to  

c n t  tu b e s  a r e  f i l l e d  t o  o b t a i n  t h e  v a l u e . ' T h ese  a r e  a v e ra g e d . 

E x c e p t w h ere  n o te d  i n '  t h e  r e s u l t s ,  two. t u b e s 'w e r e  f i l l e d  from  t h e  ■' 

c a p i l l a r i e s  t o  o b t a i n  t h e  v a lu e s - . I f  t h e  sam ple- o b ta in e d  f o r  t h e  

was to o  s m a l l  t o  b e  a c c u r a t e l y  m e a su re d  w i th  a  m ac h in is tV :s  r u l e , . 

t h e  d i s t a n c e  was m e a su re d  w i th  a  v e r n i e r  s c a l e  on a" m ic r o s c o p e . ' ' ■



RESULTS AZD DISCUSSIOH-

W hole B lo o d  Runs ' ' ' . " .

The r e s u l t s  o f  t h e  w ho le  h lo o d  ru n s  a r e  g iv e n  i n  T a b le  I . T h is  

t a b l e  c o n ta in s  a l l  t h e  ru n s  p e rfo rm e d ,, in c lu d in g  t h e  ru n s  at', v a rio u s i-  

f lo w  r a t e s  and  f e e d  h e m a t o c r i t s . The v a lu e s  r e p o r t e d  a r e  t h e  tu b e  

d ia m e te r  i n  m ic r o n s , t h e  a p p ro x im a te  f lo w  r a t e ' i n  t u b e  d ia m e te r s  p e r  

se co n d  c a l c u l a t e d  from  t h e  s y r i n g e "pum ping r a t e ,  t h e  f e e d  h e m a to c r i t  Hf l , 

t h e  d i s c h a r g e  h e m a to c r i t  and t h e  r a t i o  o f  t h e s e  l a s t  tw o , Ef /H ^ . - ■ • 

The v a lu e s  o f  t h i s  r a t i o  w ere  a l l  v e r y  c lo s e  t o  I,. O f o r  th e . r a n g e  o f  

t u b e s  s t u d i e d ,  i n d i c a t i n g  t h a t  l i t t l e  o r  no e n tr a n c e  e f f e c t  o c c u rs  t o  

c a u s e  a  d e c r e a s e  i n  t h e  d i s c h a r g e  h e m a t o c r i t . .

T a b le  I I  g iv e s  t h e  a v e ra g e s  o f  t h e  h e m a to c r i t  r a t i o s  f o r  t h e  v a r ­

io u s  x u b e  d i a m e te r s . When a  S tu d e n t  t  t e s t  was done on t h i s  d a t a , t h e  

d i f f e r e n c e s  b e tw e e n  t h e  a v e ra g e s  w ere  n o t  s i g n i f i c a n t . . T h e se  d a ta  a r e  

. p l o t t e d  i n  F i g .  1 1 . T h is  g ra p h  shows t h e  tu b e  d ia m e te r  p l o t t e d  v e r s u s  

t h e  r a t i o  o f  t h e  e x i t  an d  e n t r a n c e  h e m a t o c r i t s ,  Hf ZHf, . T he c u rv e  d o e s  

n o t  d ro p  a t  a l l  b e f o r e  a b o u t 15 m ic r o n s .  The p r e s e n t ,  d a t a  - i n d ic a te . -  ■ 

t h a t  t h e  c u rv e  may b e  b e g in n in g  t o  d ro p  o f f  a t  t h i s  p o in t... The r e s u l t s  

a r e  e n t i r e l y  d i f f e r e n t  fro m  t h e  r e s u l t s  fo u n d  e a r l i e r ,  a s  c a n  b e  s e e n  by  

co m p arin g  F i g .  11 w i th  F i g . 8 . . I t  i s - - th o u g h t , h o w e v e r, t h a t  t h e  d a ta  . 

f o r  8 m ic ro n s  on t h e  e a r l i e r  g ra p h  i s  c o r r e c t ,  and t h e r e f o r e  F i g .  .11. 

i s  d raw n u s in g  t h e s e  d a t a .  ■ . - ' ■ , '

The d i f f e r e n c e s  i n  t h e  tw o g ra p h s  ca n  be  e x p la in e d  by; com paring .- 

t h e  tw o m ethods u s e d  .in  o b t a in in g  t h e  d a t a .  - The e a r l i e r  s tu d y - (F ig  . 81



■ TABLE I  

WHOLE BLOOD RUHS

TUBE SIZE FLOW RATE Hfl H,
( m ic ro n s ) (.TD /sec, )* I d

3 6 .9 36^4 4 1 .2 5 4 1 .5 0

2 7 .9 5 2 7 .6 5

3 6 .6 5 3 6 .1 0

2 9 .8 0 2 9 .1 0

2 9 .2 5 2 8 .6 5

2 8 .5 ■ '7 9 1 1 4 2 .3 0 4 2 .1 0

4 3 .9 0 43 .0 7

4 6 .2 0 4 6 .0 0

2 9 .3 7 2 8 .4 5

41.3,0 4 1 .2 0  '

19.. 4 ,  ' ■ 2 8 ,1 2 4  ■ '. 3 3 .5 0  ' . - 3 3 .0 0 .

3 8 . 0 0 ' ■; 3 6 .4 0
- .3 5 .9 0 ' . .' 3 4 .8 5

...2 5 ,0 7 4 - 4 2 :4 o  - 4 2 .1 0• ••; .

3 7 .5 0 . 3 6 .5 0  .

' • 1 4 ,0 6 2 4 4 :6 7  ., - 4 4 .5 0  - : .

,38 .00 3 7 .7 5

^ 'c a lc u la te d u s in g  pum ping r a t e , . s e e  t e x t f o r  d i s c u s s io n

Hd . COMMENTS
Hf

1 .0 0 6

0 .9 8 9 b lo o d  d i l .  w / s a l i n e ' '

0 .9 8 5 ■

0 .9 7 6 h e m o ly s is  i n  b agged

0 .9 7 9
b lo o d

0 .9 9 5

0 . 9 8 1 ' I

0 .9 9 6
• . -4

o n ly  onp tu b e  " '

0 ,9 6 8

0 .9 9 7
■

0 .9 8 5  / ,  -.

0 .9 5 8

0 ,9 7 1 , ' .  . 

0 .9 9 3  ' ■ ' ' o n ly  one H t u b e  ’

0 .9 7 3 v e ry  s l i g h t  h e m o ly s is

0 .9 9 6

0 .9 9 3



table  i '  Cc o m i)

WHOLE BLOOD. RUES

TUBE SIZE 
(m ic ro n s )

FLOW RATE 
(TD /s e c . ) * Hf . u d

19 A  ’ . I k , 062 3 5 . 9 0 3 5 .6 0

3 8 .7 5 3 9 . 2 3

1 2 ,5 3 7 ko .25  • ■ 4 o .8 o

7031 3 5 .9 0 3 5 .7 5

' 1 6 .1 ■ 4 9 ,2 1 3  ' - ‘ 2 7 .7 o 2 7 .3 0

2 k , 607 2 7 .7 5 27 .0 5

1 2 ,3 0 3  ' 3 8 .7 5 ,' 3 7 .0 0

2 7 .6 0 2 6 .8 5

1 5 .1 ' 5 9 , 6 5 3 ' 3 7 .8 0 . 3 6 .5 0

■ _ 3 8 .1 0 3 6 .8 5

; . ' . ' 3 6 .2 0 \  3 5 .3 5

4 2 .6 5 ' .' \  4 1 .2 5
-■ - ' . . '  . 2 8 ,8 2 8  \ - 3 8 . 7 5 - ' 3 8 .2 5

' 2 5 . 1 0 ' ' 25 :30

: l k , k l k . 2 5 .0 5 2k . 25

^ c a l c u l a t e d  u s in g  pum ping r a t e ,  s e e  t e x t  f o r . .d i s c u s s i o n

COMMENTS

0 .9 9 2

1 .0 1 2 h u m id if ie d

I .  Olk o n ly  one. tu h e

0 .9 9 6

0 .9 8 6 o n ly  o n e ' h u m . .

0 .9 7 5  • hum.

0 .9 5 5  ' o n ly  one H , hum. ' , ■
ĉ ' ro

.

0 .9 7 3 hum . . 0 0

0 .9 6 6  •' ■ hum. .

0 .9 6 7 hum.

0 . 9 7 6 : , : hum,

0 .9 6 7  ' ■ ■ hum. v p ry  s i t .  h e m o ly s is . ••

0 .9 8 7  - hum. . ; •

1 . 007:. hum.'- ■

0 .9 6 8 ■ hum. '•
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TABLE I I

■ AVERAGES EOR WHOLE BLOOD RUE'S

TUBE SIZE - HO. RUES,
: . ■ H

' . "AVERAGE — ----
; . . . .. .

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

2 8 .5 . 5 6 .9 8 7
1 9 . b- 11 . . ' .  ■ O..989
1 6 ,1 ' It . 0 .9 7 2  '

± 5 .1 . 7 - ' '  ' 0 .9 7 6

• . ‘ . - - • • '

u s e d  a  c in e m a p h o to g ra p h y  t e c h n iq u e  t o  c o u n t t h e  num ber o f  c e l l s -  f lo w in g

i n  t h e  c a p i l l a r y  t u b e .  I t .  c a n  b e  shown t h a t  t h e  r a t i o  o f  t h e  a v e ra g e  

v e l o c i t y  o f  t h e  r e d  c e l l s  t o  t h e  a v e ra g e  v e l o c i t y  o f  - t h e  b lo o d  i s  e q u a l  

t o  t h e  r a t i o  o f  t h e  d i s c h a r g e  h e m a to c r i t  t o  t h e  h e m a to c r i t  i n  t h e  c a p ­

i l l a r y  t u b e ,  o r  . :

T h is  i s  done by  r e l a t i n g  t h e  p a r t i c l e  v e l o c i t y  i n  t h e  t u b e  t o  t h e  ' 

vo lum e o f  l i q u i d  i n  t h e  tu b e  t o  g e t  a  m e a su re  .o f  tu b e  h e m a t o c r i t ,  H d 

The d i s c h a r g e  h e m a to c r i t  i s  c a l c u l a t e d  b y  r e l a t i n g  t h e  b lo o d  v e l o c i t y  t o  

t h e  f l u i d  f l u x  a c r o s s  a  g iv e n  s e c t i o n  o f  t h e  t u b e . T h ese  tw o a r e  com­

p a re d  and t h e  r e l a t i o n  b e tw e e n  b u lk  v e lo c i ty -  and p a r t i c l e  v e l o c i t y  i s ,  

fo u n d . T h is  c a l c u l a t i o n  i s  shown i n  t h e  A p p en d ix . U s in g  t h i s  in fo rm a ­

t i o n ,  i t  s h o u ld  b e  - p o s s ib le  t o  c a l c u l a t e  t h e  d i s c h a r g e  h e m a to c r i t  .by ■



know ing b o th  t h e  c e l l  v e l o c i t y  and  t h e  b lo o d  v e l o c i t y .  ' . V-

H ow ever, i n  t h e  c a l c u l a t i o n s  o f  t h e  d a ta  shown i n  F i g .  8 , t h e  

num bers u s e d  w ere  average-- c e l l ,  v e l o c i t i e s  r a t h e r 1 t h a n .'blbod----.veEo.ci t y '.

T h is  g iv e s  d i s c h a r g e  h e m a to c r i t  v a lu e s  w h ic h  i n  a c t u a l i t y . a r e  t h e . sam e . 

a s  th e  tu b e  h e m a t o c r i t s .  T h is  d o es  n o t  c o m p le te ly  e x p la i n  t h e  d i s — . - , ’ 

c r e p a n c ie s  b e tw e e n  t h e  tw o  g r a p h s , b u t  i t  does e x p la in  t h e  l a r g e  

d i f f e r e n c e , e s p e c i a l l y  i n  t h e  15 m ic ro n  r a n g e .  . . . .  .=

The r a p i d  d r o p - o f f  i n  F i g .  11 a t  t h e  s m a l le r  tu b e  d ia m e te r  i s .m o r e  

e a s i l y  e x p la in e d  th a n  t h e ‘'p r e v io u s  g r a p h . E a r l i e r , . i t  was th o u g h t  . 

t h a t  a t  a p p ro x im a te ly  tw o r e d  c e l l  d i a m e te r s ,  o r  1 ^ 1 6  m ic r o n s ,  t h e - . ■ 

r e d  c e l l s  w ere  c ro w d in g  e a ch  o t h e r  and  a l lo w in g  o n ly  p la sm a  t o  g e t  i n t o  

t h e  t u b e .  B ut s in c e  c e l l s  a r e  f l e x i b l e ,  t h e y .c a n  e a s i l y  s l i p  o v e r  one 

a n o th e r  t o  e n t e r  t h e  v a r io u s  s i z e d  t u b e s . A c ro w d in g  e f f e c t  w o u ld ■ 

m e re ly  de fo rm  them  m ore and  f o r c e  them  i n t o  t h e  t u b e , w i th  l i t t l e  o r  no • 

ch ange  i n  t h e  r e l a t i o n  .betw een t h e  p la sm a  and t h e  r e d  c e l l s .  As t h e  t u b e  

s i z e s  a p p ro a c h  t h e  c e l l  d i a m e te r ,  t h a t  i s ,  i n  t h e  r a n g e  o f  8 m ic r o n s ,  t h e  

a c t u a l  s iz e ,  o f  t h e  c e l l  m ay  im pede e n t r a n c e  t o  th e .  t u b e . -At. t h e . r a n g e  . 

o f - t u b e s  s t u d i e d ,  h o w e v e r , t h e r e  w ou ld  n o t  seem t o  b e  an y  a c t u a l  

b lo c k a g e  e f f e c t  o f  t h e  c e l l s .  ■H ard en ed  c e l l s  may show t h i s  e f f e c t , and  

th u s  a  r e d u c t io n  i n  t h e  h e m a to c r i t  r a t i o ,  a t  t h e  e n t r a n c e  o f  a  tu b e  

w h ic h  i s  tw o p a r t i c l e  d ia m e te r s  i n  d i a m e te r .  ' ■ ■ .

The r a n g e  o f  H^/H^1 v a lu e s  o b ta in e d  i s  v e ry  n a rro w ; t h e  v a r i a t i o n  

c o u ld  b e  due o n ly  t o  t h e  e r r o r  in v o lv e d  i n  t h e  m ic r o h e m a to c r i t 'm e th o d .



When th e  tu b e s  p lu g g e d  u p ,  i t  seem ed t o  b e  an  a l l  o r  n o th in g "  s i t u a t i o n  

w i th  n e i t h e r  p la sm a  .no r r e d  c e l l  f lo w . A p p a r e n t l y , ' c e l l s  a g g re g a te  . 

i n t o  a  c l o t  t h a t  f i l l s  t h e  w ho le  tu b e  d ia m e te r ,  n o t' j u s t  one r e g io n  

w h ic h  t h e  c e l l s  may s l i p  a ro u n d . T h is  i s  o f  p h y s i o l o g i c a l '  i n t e r e s t , 

a s  t h e  body  h a s  t o  h a v e  a  m echanism  f o r  rem o v in g  a n y  s u c h  em boli- w h ic h  

m ig h t form  i n  t h e  c i r c u l a t o r y  s y s te m , o r - th e  f lo w  o f  b lo o d  w ould  b e  ' 

r e s t r i c t e d . T h is  i s  in d e e d  t h e  c a s e ; a  sy s te m  o f  enzym es b r e a k s  down 

any  su c h  c l o t s  t h a t  fo rm  i n  t h e  sy stem '. .

TABLE I I I -  .

COMPARISON OF HEMATOCRIT RATIOS AT DIFFERENT FLOW RATES

TUBE SIZE 
(m ic ro n s )

FLOW RATE* 
(T D /s e c .)

• NO. RIMS ' ' ' H
- AVERAGE ~ ~  

■ ■ ■ - f
l $ . 4 ' 2 8 , 121+- ' 3 - ' ' 6 .9 7 1  -

1 4 ,0 6 2 4 ' - " 0 .9 9 8
.. . ' "■ ; . ■ ""

1 5 . 1 . 5 9 ,6 5 3 "4 0 .9 7 6

2 8 ,8 2 8 '2 ' 0C997
*c a l c u l a t e d  u s in g  pum ping r a t e , s e e t e x t  f o r  d i s c u s s io n

V a r io u s d i f f e r e n t  f lo w  r a t e s  w ere  s tu d i e d  f o r t h e  s m a l le r  tu b e

s i z e s .  T h e se  a r e  com pared  i n  T a b le  I I I .  .The r a t i o  seem s t o  in c r e a s e ; ' 

s l i g h t l y  a s  t h e - f lo w  r a t e  i s  d e c r e a s e d ,  a l th o u g h  t h i s  may b e  d u e - to  ;



- 3 3 -

t h e  e r r o r  in v o lv e d  i n  t h e  m ic r o h e m a to c r i t  m e th o d . A S tu d e n t  t  t e s t  

done on t h e s e  d a ta  shows no s i g n i f i c a n c e  i n  t h e  d i f f e r e n c e s  "between 

th e s e  a v e ra g e s .

One o f  t h e  d raw backs o f  t h e  a p p a r a tu s  u s e d  was t h a t  su ch  a  l a r g e  

p r e s s u r e  d ro p  had  t o  b e  m a in ta in e d  a c ro s s  th e  c a p i l l a r y  t o  g e t  any d a ta  

w i t h in  a  r e a s o n a b le  l e n g th  o f  t im e .  T h is  c a u se d  much l e a k in g  t o  o c c u r— 

a t  t h e  s ta n d a r d  t a p e r  j o i n t ,  a t  t h e  v a r io u s  c o n n e c t io n s  w i t h in  t h e  

s y s te m , and a ro u n d  t h e  g a s - t i g h t  s y r in g e .  Thus th e  f lo w s  m easu red  

u s in g  th e  pum ping r a t e  w e re  o f f  by  a  l a r g e  f a c t o r . The f lo w s  f o r  

t h e  1 6 .1  m ic ro n  tu b e  w ere  m ea su red  by  c a l c u l a t i n g  t h e  r a t e  w h ich  a 

volum e i s  o b ta in e d  i n  t h e  h e m a to c r i t  t u b e , a n d .c o n v e r t in g  i t  t o  c a p i l ­

l a r y  tu b e  d ia m e te r s  p e r  s e c o n d . The pum ping r a t e , c a l c u l a t e d  f lo w  

r a t e  and a c t u a l  f lo w  r a t e  a r e  com pared i n  T a b le  IV . T h is  shows th e

TABLE IV

COMPABISOQ OF CALCULATED AMD MEASURED FLOW RATES 
FOR l 6 . 1  MICRON TUBES

GEAR RATIO CALCULATED FLOW RATE 
(T D /s e c .)

MEASURED FLOW RATE 
(T D /s e c .)

1 2 8 /1

2 5 6 /1

5 1 2 /1 '

4 9 ,2 1 3

2 4 ,6 0 7

1 2 ,2 0 3

1990

'9 9 1
528



TABLE V

COMPARISON OE HUMIDIFIED AED NON-HUMIDIFIED DATA

TUBE SIZE 
( m ic ro n s ) NO. RUNS

H
AVERAGE

f
COMMENT

1 9 .b 2 0 .9 8 6 n o n -h u m id if ie d

2, 0 .9 9 6  , h u m id i f ie d

e r r o r  in v o lv e d  i n  u s in g  t h e  f lo w  r a t e  c a l c u l a t e d  from  th e  pumninFi: r a t e .

I t  s h o u ld  a l s o  b e  n o te d  t h a t  t h e  a c t u a l  f lo w s w ere  p r o p o r t i o n a l  t o  

t h e  pum ping r a t e ,  tha'S  i s ,  f o r  tw ic e  t h e  pum ping r a t e ,  t h e  f lo w  w i l l  b e  

tw ic e  a s  l a r g e .

T h ese  a c t u a l  f lo w s  w ere  c l o s e r  t o  p h y s io l o g i c a l  f lo w s ,  w h ich  ra n g e  

from  2500-5500  tu b e  d ia m e te r s  p e r  se co n d  i n  tu b e s  from  20 t o  30 m ic ro n s  

i n  d ia m e te r  ( 8 ) .  Thus t h e  e x p e r im e n ts  w ere  c l o s e r  t o  an  i n  v iv o  sy stem  

t h a n  th e -p u m p in g  r a t e  c a l c u l a t i o n s  w ould  i n d i c a t e .

S in c e  t h e  e x i t  r e s e r v o i r  ( th e  h e m a to c r i t  t u b e )  to o k  so  lo n g  t o  f i l l  

u p ,  i t  was th o u g h t  t h a t  t h e r e  c o u ld  p o s s ib l y  be  some e v a p o r a t io n  o f  

p la sm a  t a k i n g  p l a c e ,  th u s  i n c r e a s i n g  t h e  m easu red  e x i t  r e d  c e l l  c o n cen ­

t r a t i o n s  and t h e  r a t i o  o f  th e ' tw o h e m a to c r i t s .  A c a l c u l a t i o n  o f  t h e  

maximum p o s s i b l e  e v a p o r a t io n  shows t h a t  o n ly  0 .2 $  o f  t h e  p la sm a  c o u ld  

e v a p o ra te  from  th e  h e m a to c r i t  tu b e  in  t h e  amount o f  t im e  a v a i l a b l e .

T h is  m eans t h a t  99>1% o f  t h e  b lo o d  volum e w ould  r e m a in ,  and  th e  change 

in  t h e  H^/H^ r a t i o  w ould  b e  w i th in  t h e  r a n g e  o f  v a lu e s  o b ta in e d  f o r  t h e



—3 5 ''

v a r io u s  r u n s . '  H ow ever, t h e  a p p a r a tu s  was s u rro u n d e d  w i th  a  p l e x i - . . 

g l a s s  box  w h ic h  a llo w e d  f o r  c o n s ta n t  t e m p e r a tu r e  a n d 1 h u m id i ty  c o n t r o l ; -  

By e v a p o r a t in g  w a te r  i n t o  t h e  b o x , if-w as-, p o s s ib l e ,  to ,.k e e p  t h e  re - la —. 

t i v e  h u m id i ty  up  t o  a b o u t 85-90% , th u s  m in im iz in g  t h e  p o s s i b i l i t y ■o f . '  

e v a p o r a t io n  from  t h e  h e m a to c r i t  t u b e . A ,c o m p a riso n  o f  t h e  d a ta  f o r  . 

t h e  1 9 . -U m ic ro n  t u b e ,  b o th  w i th  and  w i th o u t  t h e  h u m id i f i e r  g o in g ,  i s  

shown i n  T a b le  Y . S in c e  t h e  r e s u l t s  show t h e  o p p o s i t e  e f f e c t  o f  w hat 

w o u ld  b e  e x p e c te d  i f  e v a p o r a t io n  w ere  o c c u r r in g ,  i t  c a n  b e  assum ed t h a t  

t h i s  i s  due o n ly  t o  e r r o r s  w i th  t h e  m ic r o h e m a to c r i t  .m e th o d , and  n o t  • 

due t o  e v a p o r a t io n .  H ow ever, t h e  h u m id i f i e r  p ro v e d  t o b e . a n  a d d i t i o n a l  

b o n u s . The s m a l l  am ount o f  e v a p o r a t io n  t h a t  was o c c u r r in g  was c a u s in g  

t h e  e x i t  end o f  t h e  tu b e  t o  p lu g  more, e a s i l y , ,  and l e s s  p lu g g in g  o c c u r r e d  

w i t h  t h e  h u m id i f i e r  g o in g .  ‘

To d e te rm in e  w h e th e r  t h e r e  was an  e f f e c t  due t o  v a r i a t i o n s  i n  t h e  

f e e d  h e m a t o c r i t ,  t h e  c o n c e n t r a t i o n  o f  r e d  c e l l s  in ' t h e  f e e d  r e s e r v o i r '

■ was v a r i e d  by  c h a n g in g  t h e  r e l a t i v e  am ounts o f. p la sm a  and f e d  c e l l s . .  '

The v a lu e s  a r e  com pared  i n  T a b le  YX. A g a i n , .a  S tu d e n t  t  t e s t . shows' t h e  

d i f f e r e n c e s  i n  t h e  a v e ra g e s  a r e  n o t  s i g n i f i c a n t .  I t '  c a n  "be.-.seen from  

' t h e s e  d a t a  t h a t  a  v e ry  s l i g h t  d e c r e a s e  i n  t h e  h e m a to c r i t  r a t i o  o c c u rs  

w i th  a n '  i n c r e a s e  i n  f e e d  h e m a t o c r i t . T h is  c o u ld  b e  due  t o  a  c row d ing  

e f f e c t  a t  t h e  e n t r a n c e  t o  t h e  t u b e , c a u s in g  a  r e l a t i v e l y  l a r g e r  amount 

o f  p la sm a  t o  e n t e r  t h e  tu b e .-  I t  a l s o  may b e  an  a r t i f a c t  due t o  i n a c c u r -



■TABLE VI

COMPARISON OF HEMATOCRIT RATIOS
WITH VARIOUS II

TWRE STZE • . ' Hd'  ■' ’ ' AVERAGE -(m ic ro n s ) Hf
' Hf  . '

1 5 .1 , " 2 5 .1 0 . ■ 1 .0 0 7

.2 5 .0 5 .  ' . 0 .9 6 8  -

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

2 7 .7 0 ' 0 .9 8 6

27 -75 0 .9 7 5

’ 1 5 .1 3 7 -8 0 0 .9 6 6
■

3 8 .1 0 . 0 .9 6 7

3 8 .7 5 0 .9 8 7 . : 0 .9 6 8
1+2.65 . 0 .9 6 7  Y

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

f

a c i e s  i n  t h e  m ic r o h e m a to c r i t  m e th o d .

A d d i t io n  o f  D e x tra n -^ O

The p la sm a  T i s c o s i t y  w as i n c r e a s e d  "by a d d in g  D e x tra n -^ O  t o  t h e  

p la s m a . W ith  a  c o n c e n t r a t i o n  o f  2.0% "by w e ig h t o f  t h e  p la s m a , th e  

" v is c o s i ty  w as fo u n d  t o  Tbe a b o u t I . H t im e s  t h a t  o f  t h e  o r i g i n a l  p la s m a . 

T liis  was u s e d  t o  i n c r e a s e  t h e  d e fo rm a t io n  o f  t h e  r e d  c e l l s ,  and p o s s i b l y  

a l lo w  them  t o  e n t e r  t h e  tu b e s  m o re  e a s i l y .  T h is  w ou ld  g iv e  a  h i g h e r '



TABLE V II  
DEXTRM -  40 ROTS

TUBE SIZE 
( m ic ro n s )

FLOW RATE ; 
(T D /s e c .)*  .

Hf . H« ;

' 3 6 .9 3644 3 6 .9 5 3 6 .4 5

4 9 .8 5 4 9 .3 0

3 6 .6 5 3 6 .0 5  .

'2 8 .5 7911 3 6 .2 0 3 5 .8 0

5 0 .4 5  • 4 9 .7 0

4 1 .2 0 ■ 4 1 .6 5  .

3 7 .9 5 3 7 .0 5

■ 1 9 .4 . 1 4 ,0 6 2  .

O
 

■ C
O - 4 5 .8 0

3& .50 3 8 .0 0

. 3 8 . 9 0 ' . 3 7 .5 0

1 5 .1  . 5 9 , 6 5 3 . - : ' . 4 2 .1 3 ' - . 3 6 .9 0

2 8 ,8 2 8  . - 4 i .5 0  ■■ 4o.6o

39.50 ' . ' - 3 6 .9 0

*c a l c u l a t e d  u s in g  p u m p in g - r a te , s e e  t e x t  f o r  d i s c u s s io n

Hd C0MMEBTS - -
H„ -- ■

f

0 .9 8 6 s l i g h t  h e m o ly s is  in  H(

0 .9 8 9 o n ly  one H tu h e

0 .9 8 4 some h e m o ly s is

0 .9 8 9 s m a l l  sam ple

0 .9 8 5

1 .0 1 0  •

0 .9 7 6 some h e m o ly s is  
'' . '

1 .0 2 0  '

0 .9 8 7  . ■ o n ly  one 'tu h e

0 .9 6 4 o n ly  one tu b e

0 .8 7 6  .1 . some h e m o ly s is , hum. •

0 .9 7 8 o n ly  one H , hum.  ■
. .. * CL



- 3 8 -

.= ‘ ■

: TABLE Y I I I

AVERAGES EOR DEETRAE -  40 RUMS

TUBE SIZE 
( m ic ro n s ) 1 0 . ' RTMS

%
• AVERAGE

. . .  ■ .>  f .

- 3 6 .9 3 - 0 .9 8 6

■ 2 8 .5 4 -' ... OL990
1 9 .4  • 3 • 0 .9 9 0

1 5 .1 3 ' 0 .9 3 0

h e m a to c r i t  r a t i o  t h a n  "would h e  e x p e c te d  f o r  w ho le  "blood. The r e s u l t s  

o f  t h e s e  r u n s  a r e  shown i n  T a b le  Y I I . T h ese  d a t a  show t h a t  t h e  e f f e c t  

o f  t h e  p la sm a  was n o t  g r e a t  enough  t o  c a u se  any l a r g e  e f f e c t  i n  t h e  

r a t i o .  I n  f a c t  i t  a c t u a l l y  d e c re a s e d  f o r  t h e  1 5 -1  m ic ro n  tu b e , ,  a l th o u g h  

a  S tu d e n t  t  t e s t  r e v e a l s  t h a t  t h i s  d e c r e a s e  i s  n o t  s i g n i f i c a n t .  Thus 

any  v a r i a t i o n s  w e re  assum ed t o  b e  b e c a u s e  o f  t h e  m ic r o h e m a to c r i t  ■. Y. , 

m e th o d . T h ese  d a t a  a r e  a v e ra g e d  i n  T a b le  Y I I I  and  p l o t t e d  . in  F ig .-  1 2 .. \ 

T h is  f i g u r e  c a n  b e  su p e rim p o se d  a lm o s t e x a c t ly  on F i g .  1 1 . . ■■



MINIMUM DIAMETER FOR 
0  RED CELL PASSAGE

FROM GREGERSEN, ET AL.

0  DEXTRAN - 4 0
2 0 %  OF PLASMA

B  DEXTRAN - 2 5 0  
0 . 5  % OF PLASMA

0.4 -

20 30 40
D (MICRONS)

I
W
VO

I

F i g .  12 R e s u l t s  o f  D ex tran -IlO  and D e x tra n -2 5 0  Runs



TABLE IX
DEXTRAIi -  250 IillNG

TUBE SIZE BLOW RATE ' H- iL
(m ic ro n s ).' (T D /s e c . ) * f d

3 6 . 9 3644 39 .9 5 3 9 .7 5
40.20 . 4o.4o

44.50 44.50

.
41.65- 41.95

28.5  ■ 7911 3 8 . 7 0  - 38^00

38.00' - 3 8 . 0 0

3 8 .3 5 3 7 . 5 0

' 1 9 .4 . ./28 ,124  ■ . . . 4 2 .2 0  . " 4 i : 7 o

14,062 4 2 .5 0  • - 4 l.8 0

. 4 o .6 5  ' 4 0 .7 0

4 0 .6 5 ■■ . 40.30

, 15 .1  . . 5 9 ,6 5 3  : , ' 4 0 .1 5  . 3 9 .5 0

3 6 .2 3 ■ 34.50

'^ 'c a lc u la te d  u s in g  pum ping r a t e ,  s e e  t e x t  f o r  d i s c u s s io n

Hd ' . COMMENTS
H

f

0 . 9 9 5 '

1 .0 0 5

1 .0 0 0 o n ly  one tu b e

1 .0 0 7

0 .9 8 2 o n ly  one tu b e

1 .0 0 0

0 .9 7 8 o n ly  one tu b e

0 . 9 8 8 '

0 ..984

1 .0 0 1  - hum

0 .9 9 1  ■ ' .hum.

0 -984  • ■ h u m ..

' 0 . 9 5 2 ' . ' hum.



TABLE Z

TUBE SIZE 
(m ic ro n s )

AVERAGES FOR DEXTRAE -  250 RUES' ■

NO. RUES' AVERAGE'

3 6 .9

28.5
19 A  

1 5 .1

U  ■■ ' 1.002
3 . . \ '  - 0198? " '

4 " . ■ 0 . 991 .

2 ' 0.968

A d d i t io n  o f  D extran^-250 '

T a b le  TE shows t h e  d a t a  fo n n d -u s in g  D e x tra n -2 5 0 , 0.5% h y  w e ig h t o f  

p la s m a . I t  was th o u g h t  t h a t  a g g r e g a t io n  o f  t h e  r e d  c e l l s  was o c c u r r in g  

due t o  t h e  h ig h  m o le c u la r  w e ig h t  D e x t r a n , an d  t h e  ’ e n t r a n c e  o f  c e l l s  i n t o  

t h e  c a p i l l a r y  tu b e  m ig h t b e  i n h i b i t e d .  I t  was n o t  known., h o w e v e r , .. 

■ ex ac tly  how m uch a g g r e g a t io n  was o c c u r r i n g , a s . t h e  c e l l s  h a d  t o  b e  

s t i r r e d  t o  m a in ta in  an  a c c u r a te  f e e d  h e m a t o c r i t . The a g g r e g a te s  c a u s e  ~ 

t h e  c e l l s  t o  s e t t l e  o u t and  change  t h e  c o n c e n t r a t io n  a t  t h e  e n t r a n c e  o f  

t h e  t u b e , b u t  s t i r r i n g  c a u s e s  t h e  a g g r e g a te s  t o  b r e a k  u p .a n d  a c t . a s  

i n d i v i d u a l  c e l l s .  A t any  r a t e ,  a  d e c r e a s e  i n  t h e .h e m a t o c r i t  d id  n o t  

o c c u r , and  t h e  r a n g e  i n  v a lu e s  o b t a i n e d ' i s  b ro a d  enough  t o  make i t  ■ 

im p o s s ib le  t o  d e t e c t  any  d i f f e r e n c e  b e tw e e n  th e  D e x tra n -2 5 0  ru n s  and 

t h e  w h o le  b lo o d  r u n s . '

The a v e ra g e  v a lu e s  o f  t h e  h e m a to c r i t s  a r e  sh o w n .in  T a b le  E ,  and



t h e s e  a r e  p l o t t e d  i n  P i g .  1 2 . ' A g a in , ' n o te  t h e  s i m i l a r i t y  t o  P i g .  1 1 .  • • 

T h e re  i s  l i t t l e  d i f f e r e n c e  "between t h e  d a t a  f o r  t h e 'D e x t r a n - 2 5 0  ru n s  

and  t h e  w h o le  b lo o d  r u n s .  ■ . '

H o te  on D a ta  C o l l e c t i o n  .

The a p p a r a tu s  u s e d  f o r  t h i s  s tu d y  was f r a u g h t  w i th  i n d e q u a c ie s .  .

The p r e s s u r e  d ro p  a c r o s s  t h e  s m a l l e s t  tu b e  s i z e s  i s  e x tr e m e ly  h ig h .

T h is  c a u se d  a  num ber o f  d i f f i c u l t i e s , in c lu d in g  l e a k in g  o f  b o th  b lo o d  /  . 

and  s i l i c o n e  o u t  o f  t h e  v a r i o u s  v a lv e s  and  c o n n e c t io n s  i n  t h e  e q u ip m e n t. 1 

The t im e  in v o lv e d  i n  f i l l i n g  one e x i t .r e s e r v o i r  tu b e  made t h e  d a t a ,  

c o l l e c t i o n  lo n g  a r id . t e d io u s .  A b e t t e r  i n v e s t i g a t i o n  o f  t h i s  phenomenon" 

a t  ev en  s m a l le r  c a p i l l a r y  d ia m e te r s  w o u ld ' r e q u i r e . a  r e d e s i g n  o f  t h e  

eq u ip m en t t o  a l lo w  f o r  t h e  h ig h  p r e s s u r e  f lo w s  in v o lv e d .  ' I t  w ould  

b e  b e n e f i c i a l  t o  i n v e s t i g a t e ' o t h e r  m eans o f  ,m e a su r in g  t h e  e x i t  hema­

t o c r i t s ,  p o s s ib l y  by  a  s p e c t r o p h o to m e t r ic  t e c h n iq u e  co m p arin g  t h e  , , ' "

h e m o g lo b in  c o n c e n t r a t io n s  i n  f e e d  and  e x i t  r e s e r v o i r s .  .T h is  w ould  

r e q u i r e  a  m uch s m a l le r  sam p le  o f  b lo o d  t o  b e  f o r c e d  th r o u g h  t h e  t u b e s ,  

and t a k e  much l e s s .  t im e .  A ls o ,  a  b e t t e r  m ethod  t o  p r e v e n t  tu b e  p lu g g in g  

w ould  s a v e  "much t im e  and  e f f o r t  and w ould  b e  l e s s ,  c o s t l y .  -



' CONCLUSIONS ' '

B ased  on t h e  r e s u l t s  g iv e n  i n  t h e  p r e v io u s  p a g e s , a  nm nher of, - 

c o n c lu s io n s  may b e  d r  atm  a b o u t t h e  e f f e c t  'o f  s m a l l  d ia m e te r s  ' on .th e  ' •

e x i t  h e m a to c r i t  i n  r e l a t i o n  t o  th e -  entr.an.ce-.'h e m a t o c r i t .. '"■■ ■

1 .  The d r o p - o f f  e f f e c t  o f  t h e  h e m a to c r i t  r a t i o  a t. Ifj m ic ro n s  ■.

p r e v i o u s ly  r e p o r t e d  d o es  n o t  o c c u r ; i n  f a c t , no m e a s u ra b le  change  

o c c u rs  i n  t h i s  r a n g e . • •

2 .  The f lo w  r a t e  o f  t h e  b lo o d  d o e s  n o t  c a u se  s i g n i f i c a n t  d i f f e r ­

e n c e  i n  t h e  h e m a to c r i t  r a t i o  at. any o f  t h e  d ia m e te r s  s tu d i e d . -  : ' 1 ■

3 .  The f lo w  r a t e s  c a l c u l a t e d  by  u s in g  th e  pum ping r a t e  w ere  -

much l a r g e r  t h a n  th o s e  m e a su re d  by  c a l i b r a t i n g  t h e  r a t e  w h ic h  t h e  

h e m a to c r i t  tu b e  f i l l e d . H ow ever, t h e  tw o m eth o d s ' g a v e  r e s u l t s  t h a t  ' - ,

w ere  p r o p o r t i o n a l . . The f lo w s  m e a su red  by  t h e  h e m a to c r i t  tu b e  m ethod 

w ere  c l o s e r  t o  p h y s i o l o g i c a l  f lo w  r a t e s .  '

.4 . V a r i a t i o n s  i n  t h e  f e e d .h e m a t o c r i t  d id  n o t  g iv e  a  s i g n i f i c a n t  .

d i f f e r e n c e  i n  t h e  r e s u l t s  o b t a i n e d . ■. - _ ' '

5• I n c r e a s i n g  t h e  d e fo r m a t io n  o f  t h e  r e d  c e l l s . b y  a d d in g  D e x tra n -  

t o  t h e  p la sm a  d id  n o t  a l t e r  t h e  h e m a to c r i t  r a t i o . '

6 . A dding  D extran-Z fjO  t o  c a u se  r e d  c e l l  a g g r e g a t io n  d id  n o t  . 

ch ange  t h e  h e m a to c r i t  r a t i o .  T h is  a g g r e g a t io n  may h o t h a v e  b e e n  g r e a t , 

a s  t h e  r o u le a u x  may h a v e  b e e n  b ro k e n  up  by  s t i r r i n g  t h e  f e e d  r e s e r v o i r  

t o  k eep  t h e  r e d  c e l l  c o n c e n t r a t i o n  c o n s t a n t .  ' ;

7 - E v a p o r a t io n  o f  p la sm a  was n o t  g r e a t  enough t o  c a u s e  any .e r r o r



- M - '

i n  t h e  r e s u l t s  o b ta in e d .  H u m id ify in g  t h e  a p p a ra tu s  m in im iz e d  e v a p o r­

a t i o n  and  h e lp e d  c u t  down some o f  t h e . t u b e  p lu g g in g .

Thus i t  can  h e  c o n c lu d e d  t h a t  no e n t r a n c e  e f f e c t  o c c u rs  t o  

f a c i l i t a t e  t h e  e n t r a n c e  o f  p la sm a  r a t h e r  th a n  r e d  c e l l s  i n t o  c a p i l l a r y  

t u b e s , a t  l e a s t  down t o  tu b e  d ia m e te r s  o f  15 m ic r o n s . I t  may o c c u r  

a t  tu b e s  s m a l le r  th a n  15 m ic r o n s , b u t  t h i s  c a n n o t b e  c o n c lu d e d  from  

t h i s  s tu d y .

S-



EECOMMEtroATIOBfS

• I t  i s  o b v io u s  t h a t  a  f u r t h e r  s tu d y  o f  t h i s  phenom enon i n  t h e  

2 .8  t o  15 m ic ro n  r a n g e  w ould  c l a r i f y  t h e  lo w e r  r e g io n s  o f  t h e  g ra p h  • 

i n  E ig .-  1 1 . H ow ever, th e -  eq u ip m en t w o u ld  - have- t o  b e  r e d e s ig n e d ,  t o  a  

d e g re e  t o  w i th s t a n d  t h e  p r e s s u r e s  in v o lv e d .  I f . s t r o n g e r  v a lv e s  w ere, 

a d d e d , much o f  t h e  l e a k in g  c o u ld  b e  a v o id e d . " : •

- The s p e c t r © p h o to m e tr ic  t e c h n iq u e  m e n tio n e d  e a r l i e r  w ou ld  make 

t h e  d a t a  c o l l e c t i o n  e a s i e r , - a s  .a s m a l le r  d i s c h a r g e  sam p le  - w ou ld  b e  needed-', 

I t . c o u ld  t h e n  b e  d e te rm in e d  w h e th e r  a  d r o p - o f f  w ou ld  o c c u r  a t  t h e  ■ l im ­

i t i n g  d ia m e te r  f o r  r e d  c e l l  f lo w — 2 .8  m ic r o n s — o r m ore  i n  t h e  r a n g e  

o f  t h e  r e d  c e l l  d ia m e te r — 8 m ic r o n s .  . '

A d d i t io n  o f  D e x tra n -^ O  and  D e x tra n -2 5 0  may change  t h e  r e s u l t s  i n  

t h i s  r a n g e , and . i n v e s t i g a t i o n s  in v o lv in g  t h e s e  s h o u ld -b e  c o n t in u e d . '

. I f  an  e f f e c t  i s  fo u n d  t o  o c c u r ,  i t  w ou ld  b e  i n t e r e s t i n g  t o  s e e  i f  

c e l l s  h a r d e n e d lw i th  a c e ta ld e h y d e  o r  g l u t a r a ld e h y d e  w ou ld  ch a n g e  t h e  

e f f e c t .  A l s o , o th e r  fo rm s o f  r e d  c e l l s ■a b n o r m a l i t i e s  w ou ld  b e  i n t e r -  . 

e s t i n g  t o  s t u d y , f o r  e x a m p le ,■ s i c k l e  c e l l s  may r e a c t  d i f f e r e n t l y  t h a n

t h a n  n o rm a l c e l l s .



APPEMDIX



CALCULATION OF DISCHARGE HEMATOCRIT 
FROM CELL VELOCITY MEASUREMENTS

F i g .  13 D iagram  o f  Tube f o r  M a te r i a l  
B a la n c e

A m a t e r i a l  b a la n c e  i s  done on a  s e c t i o n  o f  a  c a p i l l a r y  tu b e  

shown i n  F i g .  1 3 . The tu b e  h a s  an  a r e a  A^ and  l e n g t h  L ^  b e tw e e n  t h e  

p o i n t s  A and  B , a s  show n. I n  t im e  i n t e r v a l  0 , t h e  num ber o f  p a r t i c l e s  

c r o s s in g  t h e  p la n e  B w i th  a  v e l o c i t y  v_. i s

w h e re  n^ i s  t h e  num ber o f  c e l l s  b e tw e e n  A and  B w i th  a  v e l o c i t y  V ^. 

T h is  a ssu m es t h a t  t h e  c e l l s  a r e  u n i fo r m ly  d i s t r i b u t e d .

The t o t a l  num ber o f  p a r t i c l e s  c r o s s in g  B i s

1Ib )

V i



T h is  i s  n o t  t h e  same a s  t h e 'a v e r a g e  p a r t i c l e  v e l o c i t y ,  i . e .

v  4 •V i
. t  ■ •

Q i s  t h e  t o t a l  f lu x -  a c r o s s  s e c t i o n  B . T h is  c a n  "be e x p re s se d -  i n  

te rm s  o f  t h e  b lo o d  v e l o c i t y ,  .

8 = A? 8 ' '

The- d i s c h a r g e  h e m a to c r i t  h e m a t o c r i t , o r  t h e  p a r t i c l e  c o n c e n t r a t io n

i n  t h e  f l u i d  f lo w in g  o u t ' o f  B i s

^ t

8

w h ere  Y i s  t h e  volum e o f  a  p a r t i c l e .  S u b s t i t u t i n g  g iv e s

Y 0 Y

? i Ti

^ 4  8 UB' ^lABaT '
E n i v i

B u t
^lABaT^ i s  t h e  c a p i l l a r y  volum e b e tw e e n  A and  B , or. X r -'

v .i

So



T h is  r e l a t e s  t h e  d i s c h a r g e  h e m a to c r i t  and  "blood T e l o c i t y  t o  t h e  c e l l  

v o lu m e , tu b e  v o lu m e , and  p a r t i c l e  num ber and v e l o c i t y .  '

We now d e f in e "  a  tu b e  h e m a to c r i t  f o r  t h e  c o n c e n t r a t i o n  o f  p a r t i c l e s  

w i th  a v e l o c i t y  v .̂ .

hT,
V i

T h is ., s u b s t i t u t e d  i n t o  Eq_. I ,  g iv e s

Ha UB = E-T E  V i

liT1v I

T h is  w i l l  e q u a l  Hj_ , w here  i s  t h e  tu b e  h e m a t o c r i t ,  an d  TJ  ̂ i s  th e -  

a v e ra g e  r e d  c e l l  v e l o c i t y ,  o n ly  i f " a l l "  t h e  p a r t i c l e s  h a v e  t h e  same

v e l o c i t y  v ^ ,  i n  w h ich  c a s e
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B ut t h e  a v e ra g e  tu b e  h e m a t o c r i t , H , i s  d e f in e d  a s

iiT'
Vc

Sr

D iv id in g  Eq.. I  by  E q . 2  g iv e s

Ha UB
T

S e

S o ,  i n  g e n e r a l ,  i f  i s  t r u e  t h a t

13)

T h is  c o u ld  b e  u s e d  t o  d e te rm in e  t h e  d i s c h a r g e  h e m a t o c r i t ,  a s  i s  u s e d  

i n  F i g . 8 . H ow ever,:  i f t t h e  r e d  c e l l  .V e lo c i ty  i s  u s e d  . i n s t e a d  o f  t h e  

b lo o d  v e l o c i t y , .a  t u b e  h e m a to c r i t  w i l l  b e  c a l c u l a t e d  i n s t e a d .

The su p p o se d  d i s c h a r g e  h e m a to c r i t  i s  g iv e n  by  " ,

S rbc S rbc
d ■ S b lo o d (AG) TT Dd U
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w here

V p jg = t o t a l  r e d  c e l l  volum e

V, - j =  t o t a l  "blood v o lu m e '^ b lo o d

AG = t im e  l a p s e  o v e r  w h ich  c e l l s  w ere  c o u n te d  

D = tu b e  d ia m e te r

U = a v e ra g e  r e d  c e l l  v e lo c i ty -  i n  tu b e  d ia m e te r  p e r  seco n d  

T h is  r e a l l y  s h o u ld  b e

rKBC

K j T -) . =B

w here  k = /U , and TJp = a v e ra g e  b lo o d  v e l o c i t y  i n  tu b e  d ia m e te r s  p e r

s e c o n d . T ak in g  t h e  r a t i o  o f  t h e  l a s t  tw o e q u a tio n s  g iv e s

-Hd U / k )

B ased  on Eq.. 3 ,  K = H^/H .

Hd = Hd i r

11T

T h is  shows t h a t  t h e  v a lu e s  g iv e n  on T i g .  8 a r e  n^ ^ v a lu e s  a t  a l l ,



52.

r a t h e r  t h e y  a r e  v a l u e s . The d a ta  f o r  t h e  15 m ic ro n  p o in t  on F i g .  8 

c o u ld  h e ' p l o t t e d  on F i g .  Y3 t h e  g ra p h  r e l a t i n g  tu b e  d ia m e te r  t o  tube: 

h e m a to c r i t  an d  f e e d  h e m a t o c r i t .  ■■ I t  w ou ld  show u p  a s  a  l i n e  u n d e rn e a th  

t h e  l i n e  f o r  t h e  29 m ic ro n  tu b e  d a t a .  -
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