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special slide chambe r  and  phase  microscopy.  The t i t e r  
was def ined as the  di lut ion of an t i se rum which  killed 
90% of the  cells. 

The rabb i t  an t i -dog l y m p h o c y t e  serum was toxic  to 
the  cells in all 5 cul tures  (Table). The ceils of MooRs 
No. 5287 were the  mos t  sensi t ive (ti ter 1:3000) and of 
Burk i t t ' s  l ymphoma ,  H R I K ,  the  least  sensi t ive (t i ter  
1:30). Cultures CEE,  MOORE and  CORMACK were der ived 
f rom normal  persons  and  cul ture  BARNES f rom a pa t i en t  
wi th  acute  leukemia.  The degree of tox ic i ty  did no t  seem 
to be corre la ted wi th  the  der iva t ion  of the  culture.  

In  recent  parallel  exper iments ,  the  rabbii~ ant i -dog 
l y m p h o c y t e  serum had  t i ters  up to 1 : 40 for l ymphocy te s  

of 6 normal  persons  (median > 1: 10) and  up to  1:1000 
for l ymphocy te s  f rom 12 pa t i en t s  wi th  chronic lympho-  
cyt ic  leukemia  (median 1:100). These f indings are in 
accord wi th  t he  previous  s t u d y 1  

The r abb i t  an t i -dog l y m p h o c y t e  serum plus r abb i t  
complemen t  was, on the  average,  more toxic to the  h u m a n  
cells in cul tures  t h a n  to blood lymphocy te s  of pa t i en t s  
wi th  chronic l ymphocy t i c  leukemia 8. 

Zusammen/assung. Die K o m b i n a t i o n  von Kan inchen  
A n t i - H u n d  L y m p h o z y t e n s e r u m  und  Kan inchen  Komple-  
m e n t  war  fiir menschl iche  Blutzel len in in -v i t ro -Kul tu r  
sowie f i i r  B l u t l y m p h o z y t e n  yon  P a t i e n t e n  mi t  chroni-  
scher l ympha t i s che r  LeukSmie toxisch.  

Titer of rabbit anti-dog lymphocyte serum which killed 90% of cells 
in established human cell cultures and in lymphocyte suspensions 

Cell cultures Titer 
(yaedian) 

Derived from blood of normal persons 
CEE No. 1120 1 : 300 
COR~IACK No. 8068 1 : 1000 
MOORE NO. 5287 1 : 3000 

Derived from patients with acute leukemia or lymphoma 
BARNES NO. 4277 1 : 1000 
BURKITT'S lymphoma - HRI K 1 : 30 

Lymphocyte suspensions 
Lymph nodes of 2 dogs 1 : 10,000 
Derived from blood of 

6 normal persons > 1 : 10 
12 patients with chronic lymphocytic leukemia 1 : 100 
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R h e o g o n i o m e t r i c  V i s c o s i t y  M e a s u r e m e n t s  of Whole  H u m a n  Blood  at M i n i m a l  Shear  Rates  D o w n  
to 0.0009 sec  -~ 

Low shear  ra tes  down to 0.052 sec -1 appl ied to cer ta in  
blood sys tems  led some inves t iga tors  to the  conclusion 
t h a t  blood has Newton ian  characteris t ics .  Our modifica- 
t ions to the  Weissenberg  rheogoniomete r  p e r m i t t e d  meas-  
u remen t s  down to 0.0009 sec -1 and, in some cases, down 
to 0.0006 sec -1. The da ta  ob ta ined  at  these  low shear  
ra tes  demons t r a t e  t h a t  blood has non-Newton ian  behavior  
and exhibi t s  a yield stress. These f indings are considered 
s ignif icant  in the  phys io logy and pa tho logy  of blood 
circulation.  

Blood viscosi ty  is marked ly  augmen ted  as the  flow of 
blood approaches  a s tandst i l l  and the  shear  ra te  pro-  
gresses to zero. Such s i tua t ions  exist  physiological ly in 
the  l iving circulat ion,  when  the  flow veloci ty  is ex t r emely  
low, such as in pos t -capi l la ry  vessels and wi th  t he  occur- 
rence of stasis or cessat ion of blood flow. Therefore,  it  
needs to  be es tabl ished whe the r  or no t  blood has a yield 
stress and to de te rmine  w h a t  the  flow character is t ics  are 
a t  ex t r emely  low shear  rates.  

One of us (A.L.C.) proposed in 1942 t h a t  blood behaves  
as a non-Newton ian  fluid and m i g h t  well have  a yield 
stress 1. Since a t  t h a t  t ime  techniques  were no t  avai lable 
for the  m e a s u r e m e n t  of viscosi ty  a t  very  low shear  rates,  
th is  p rob lem could only be specula ted  upon.  MERRILL, 
WELLS et  al. 2 s tudied  whole blood viscosi ty  a t  ' low' shear  
ra tes  and concluded,  according to  CHIXN, GREGERSEN 
et al. 8, t h a t  whole blood exhib i ted  a yield stress. C~IIEN 
et al. a, who repea ted  some of these  studies,  r epor ted  in 
1966 t h a t  the  results  a t  low shear  ra tes  wi th  the  GDM 
viscometer  were no t  reliable, because of l imi ta t ions  of 
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th i s  i n s t r u m e n t .  W i t h  the i r  i m p r o v e m e n t  of the  mech-  
anica l  a n d  electr ical  c o m p o n e n t s  of t he  G D M viscometer ,  
t h e y  succeeded in secur ing  reproduc ib le  m e a s u r e m e n t s  a t  
shear  r a t e s  as low as 0.052 sec -~ a n d  f ina l ly  down to 
0.01 sec -1. On the  basis  of t he i r  da ta ,  t h e y  conc luded  
t h a t  whole  b lood possesses no  yield s t ress  a n d  t h a t  i t  
exh ib i t s  N e w t o n i a n  behav ior .  I n  our  appra isa l ,  t h e  low 
shear  ra tes ,  wh ich  these  au t ho r s  employed,  were no t  low 
enough  4. W e  a t t e m p t e d  the re fo re  to  secure d a t a  a t  shear  
ra tes  as nea r  to  zero as t h e  Wei s senbe rg  rheogon iomete r ,  
wh ich  we modi f ied  3 for th i s  purpose ,  would  permi t .  These  
modi f i ca t ions  al lowed t he  m e a s u r e m e n t  of t he  v iscos i ty  
of whole  h u m a n  blood in all  cases down  to  0.0009 sec 1 
a n d  in some cases down  to 0.0006 sec -~. 

Blood was secured  f rom the  a n t e c u b i t a l  ve in  of 12 male  
and  female  h e a l t h y  h u m a n  subjects ,  r a n g i n g  f rom 25 
to 40 years  of age. Af te r  t he  f i rs t  10 mI of b lood were 
discarded,  the  d o n a t i o n  was collected t h r o u g h  a P l ex i t ron  
set  in to  a t e s t  t u b e  c o n t a i n i n g  E D T A  (e thy lened iamine -  
t e t r aace t i c  acid) in  d r y  form, so t h a t  t he re  was a f ina l  
c o n c e n t r a t i o n  of 1.2 m g  of th i s  a n t i c o a g u l a n t  pe r  ml.  
The  t u b e  c o n t a i n i n g  t he  b lood was swirled, care  be ing  
t a k e n  to avo id  b u b b l e  f o r m a t i o n  a n d  to secure good 
m i x i n g  wi~h t he  an t i coagu l an t .  

The  b lood samples  were m a i n t a i n e d  a t  37 ~ t h r o u g h o u t  
the  tes t ing.  The  lowest  shear  r a t e s  were m e a s u r e d  first ,  
and,  be tween  each  shear  inc rement ,  t h e  p l a t ens  were 
g iven  a h igh  speed spin  to  r e m i x  s e d i m e n t e d  red b lood 
ceils. A b l a n k e t  of mo i s t  a i r  was  appl ied  to t he  b lood 
sample  u n d e r  i n v e s t i g a t i o n  to p r e v e n t  d ry ing  of t he  top-  
m o s t  l aye r  of b lood ~. 

The  F igure  r ep resen t s  p lo ts  of d a t a  o b t a i n e d  w i t h  the  
samples  of whole  b lood f rom 2 donors  w i t h  h e m a t o c r i t s  
of 30.0 a n d  47.5%, respect ive ly .  These  p lo ts  are t yp i ca l  
of t he  resu l t s  o b t a i n e d  w i t h  t he  b lood of a n y  of t he  
donors  and  show some of t he  v a r i a t i o n s  encoun t e r ed  in 
h e a l t h y  persons.  Since no b lood was s tud ied  f rom sub-  
jects  suf fer ing  f rom a n y  pa tho log ica l  condi t ion ,  t he  
v a r i a t i o n s  which we found  are cons idered  to be wi th in  
n o r m a l  l imits .  

P e a k  va lues  of t a n g e n t i a l  s t ress  were p l o t t ed  a n d  no 
cons ide ra t ion  has  been  g iven  to a p p a r e n t  t i m e - d e p e n d e n t  
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A shear stress/shear rate p lo t  of the measurements made on the 
whole b lood of 2 donors. This p lo t  is typical of the results obta ined 
w i th  the b lood of o ther  subjects. 

b e h a v i o r  due to  t he  d e v e l o p m e n t  of a cell free p l a s m a  
layer  a t  t h e  sample  g e o m e t r y  in te r face  and  s e d i m e n t a t i o n  
a t  lower  speed set t ings .  

I t  can  be seen f rom these  curves  t h a t  t he re  is a n  
inf lec t ion  be tween  0.004 a n d  0.009 sec -1. W e  cons ider  
th i s  to  be due  to t he  collapse of a t h r ee -d imens iona l  
s t r u c t u r e  of red  b lood cells, ex i s t ing  up  to th i s  poin t ,  
and  to r ep re sen t  a t r ue  m e a s u r e m e n t  of t he  yield stress.  
W h e n  t he  yield s t ress  m e a s u r e d  f rom the  r e l a x a t i o n  cu rve  
of the  t o r q u e  trace,  recorded  a f t e r  t he  i n s t r u m e n t  has  
s topped,  as descr ibed b y  MERRILL et  al. 2, is c o m p a r e d  
w i t h  the  t o r q u e  va lue  a t  t he  d i s c o n t i n u i t y  p o i n t  in the  
Figure,  a l m o s t  e x a c t  a g r e e m e n t  is found.  Below th i s  
shear  rate ,  slip m a y  occur  a t  t he  2 in te r faces  of t he  
geometry ,  poss ib ly  on  a t h i n  l ayer  of p lasma,  a n d  a p lug  
of red cells m a y  b e h a v e  like a p las t i c  solid. B e t w e e n  0.04 
a n d  30.0 sec -1 t he re  is a region of n o n - N e w t o n i a n  b e h a v i o r  
which  poss ibly  can  be exp la ined  b y  t he  g r a d u a l  b reak-  
down of red  cell aggrega tes  6. A second inf lec t ion  is seen 
a t  a b o u t  30.0 sec -1, wh ich  m a y  be  t he  p o i n t  where  com- 
ple te  desaggrega t ion  of red  b lood cells is r eached  a n d  t he  
v iscos i ty  no  longer  decreases.  W e  found  the  inf lec t ion  
po in t s  to  v a r y  s l ight ly  w i t h  t he  blood of d i f fe ren t  h u m a n  
subjects .  MORRISON a n d  I-IARPER 7 h a v e  shown  w i t h  
m e a s u r e m e n t s  of suspens ions  of f ibrous  par t ic les  exhi-  
b i t i n g  a yield stress, t h a t ,  w h e n  us ing  di f fer ing rad ia l  
gaps, d i f fe ren t  va lues  of yield s t ress  are ob ta ined .  The i r  
c o m m e n t s  m a y  ve ry  we l l  a p p l y  to our  e x p e r i m e n t s  w i t h  
whole blood. We, therefore ,  p l an  to i nves t i ga t e  th i s  pos- 
s ib i l i ty  b y  us ing  d i f fe rent  gap w i d t h s  and  cone angles  
to  a sce r t a in  t h e  effects t h a t  t h e y  m a y  h a v e  on  t h e  f low 
charac te r i s t i c s  of whole  h u m a n  blood. Our  f ind ings  
d e m o n s t r a t e  t h a t ,  c o n t r a r y  to t h e  conclus ion  of CHIEN 
et  al#,  h u m a n  blood exh ib i t s  a yield s t ress  and  t h a t  
p lug  flow occurs below t h e  yield poin t .  These  f ind ings  
a p p e a r  to  be of u t m o s t  s ignif icance in t he  phys io logy  and  
p a t h o l o g y  of the  c i rcu la t ion  8 

Zusammen[assung. Messungen  m e n s c h l i c h e n  Gesamt -  
b l u t v o l u m e n s  bet  sehr  n iedr igen  Schubze i t en  bis  0,0009 
sec -1 (m0dif iz ier ter  Weissenberg- lRheogoniometer ) .  Es  
wird  gefunden,  dass  das  B l u t  kein Newton ' s ches  V e r h a l t e n  
und  bet diesen n iedr igen  S c h u b z e i t a b l e i t u n g e n  eine Fliess-  
s p a n n u n g  aufweist .  
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