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Shear Rate Dependence 
of the Viscosity of 

Whole Blood and Plasma 

Abstract. The analysis of the shear 
stress/shear rate relationship, and thus the 
viscosity/shear rate relation, of blood and 
plasma shows that (i) freshly drawn 
whole blood has a large shear rate de? 
pendence on viscosity (viscosity falls as 
shear rate increases), and (ii) the shear 
rate dependence of viscosity of whole 
blood, or plasma, that has not been 
treated to prevent clotting is substantially 
greater than that of whole blood or plasma 
treated with anticoagulants. The influence 
of this phenomenon upon the fluid me? 
chanics of the microcirculation is com- 
mented upon. 

In most of the studies (1) reported 
in the literature on whole blood or on 
blood plasma, the viscosity has been 
measured by a capillary viscometer. 
Among these studies are a number (2) 
in which the non-Newtonian or anom- 
alous nature of the viscosity of whole 
blood was recognized, since the vis? 

cosity was observed to vary with the 
diameter of the capillary, the pressure 
gradient, the flow rate, and so on. On 
the other hand, possibly on account of 
the formidable difficulty in the interpre? 
tation of capillary data for non-New? 
tonian fluids, we have not as yet found 
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an instance in which the apparent 
viscosity (defined as shear stress/shear 

rate) has been analyzed as an explicit 
function of shear rate. 

In what appears to be a unique 
example of viscometry by means of a 
coaxial cylinder viscometer, Brundage 
(3) tested both whole blood and blood 

plasma and found the viscosity of blood 
to be mildly shear dependent (decreas- 
ing as shear rate increases), whereas 
the viscosity of plasma was found to 
be Newtonian (not dependent on shear 

rate). As the coaxial cylinder viscom? 
eter permits unequivocal determina? 
tions of shear rate as well as shear 

stress, it is possible to recalculate 

Brundage's data originally given as a 
function of rotational speed, in terms 
of absolute shear rate. Describing vis- 
cometric data in terms of shear stress 
versus shear rate, or apparent viscosity 
versus shear rate, seems highly desirable 
because it permits intercomparison of 
data from different instruments and by 
different workers, and it offers an 
absolute basis for the analysis of the 
circulation by fluid mechanics. 

In most previous studies, the blood 
or blood plasma was rendered non- 

clotting prior to viscometry by defibri- 

nation, addition of heparin, addition of 

oxalate, and so forth. Brundage reports 
that his attempts to test whole blood 
were unsuccessful because clotting 
commenced during the viscometry; 
consequently he added oxalate. Pirofsky 
(4) obviated the use of anticoagulants 
by the use of an intravenous needle 

functioning as a capillary, but he was 
limited by the nature of this experiment 
to a one-point determination on the 
shear rate viscosity curve. The studies 

reported here resulted from a twofold 

objective: (i) to determine the rheology 
of human blood and blood plasma 
directly in absolute values of shear 
stress and shear rate; and (ii) to 
determine the rheology in so short a 
time after withdrawal from the subject 
as to be able to work directly with 
unmodified, untreated whole blood and 

plasma. As is shown below there appear 
to be substantial differences, respec? 
tively, between freshly analyzed blood 
or plasma and the same modified by 
anticoagulants. 

The samples of blood obtained in 
this study were collected by vene- 
puncture through a No. 18 needle 
(1-mm inside diameter) gently aspi- 
rated by a silicone-coated syringe. Anti? 
coagulants when used consisted of 200 
units of heparin of 20 mg of potassium 
oxalate per 10-cm3 volume of whole 
blood. The sample was placed in a 
plastic cup and analyzed at once by 
means of a cone and plate viscometer 
(5, 6). In the experiments with plasma, 
the blood sample was first centrifuged 

in a plastic tube (3 minutes at 3400 

rev/min), and the supernatant plasma 
was tranferred to the plastic cup and 
tested at once. The viscometer (6) 
used in this study was adapted from 
an industrial viscometer in which a 
cone was attached to a spindle project- 
ing from the drive mechanism. The 

spindle was linked to the drive shaft 

by a calibrated beryllium copper spring 
to which a pointer was attached and 
was operable at four different speeds. 
The degree of deflection caused by the 
cone rotating in the fluid was read by 
the position of the pointer over a dial 

rotating in phase with zero position of 
the spring. All observations were car? 
ried out in a constant-temperature 
water bath at 37?C. A 3-ml sample of 
blood without anticoagulants could be 

fully analyzed within 3 minutes, and 

plasma within 6 minutes, from the time 
of collection. Clotting could easily be 
determined by sudden erratic move? 
ments of the pointer. Reproducible 
values could be obtained up to the 
instant of clot development, which 

appeared therefore to be a sudden 
rather than a gradual phenomenon, as 
determined by this technique. The 
relation of shear stress to shear rate of 
a National Bureau of Standards vis? 
cometer calibration oil (H-oil), with 
a viscosity of 4.635 centipoise at 37.0?C, 
is plotted in Fig. 1 to demonstrate 
that for a Newtonian fluid the vis? 
cometer correctly gives a linear rela? 
tion between shear stress and shear 
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Fig. 1. (Top) Rheological diagram of 
whole blood with three different hemato- 
crits; H, Bureau of Standards calibration 
oil. Fig. 2. (Bottom) Rheological diagram 
of three samples of plasma derived as 
noted. Serum protein, 6.9 g/100 g. 
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Table 1. A comparison of the coaxial cylinder data of Brundage on oxalate-stabilized whole 
blood (3) with our data for fresh, untreated whole blood, at equivalent hematocrits; cp, 
centipoise. 

Hematocrit Shear rate 
(see-1) 

Viscosity 

Brundage 

cp A/B 

Present work 

cp A/B 

28 

56 

23 (A) 

46 (B) 

2.8 

14.8 

1.00 

1.00 

1.12 

3.7 

3.4 
8.4 

7.3 
12.6 

9.1 

1.12 

1.15 

1.38 

rate, and that the instrument value 

agrees preeisely with the stated viscosity. 
A cone and plate viscometer is par? 

ticularly appropriate for the study of 
blood rheology, because a small sample 
can be rapidly analyzed to obtain un- 

equivocal and absolute values for shear 
stress and therefore viscosity for every 
value of shear rate imposed on the 

sample. The validity and derivation of 
the shear stress and shear rate with 
this type of instrument have been given 
elsewhere (6). In the present studies 
the full-scale deflection of the viscom? 
eter spring equaled 673.7 dy-cm, 
while the cone had an angle of 1?33' 
and a radius of 2.4 cm. The four shear 
rates recorded, therefore, were 23.18, 
46.36, 115.92, and 231.84 sec^1. 

In Fig. 1 (top) the curves of ap? 
parent viscosity of whole blood versus 
shear rate are presented for three 
hematocrit levels as indicated. The 
characteristic shear thinning type of 
curve for pseudoplastic fluids is appar? 
ent. The higher the hematocrit the 
more pronounced is the rise of apparent 
viscosity at low rates of shear. Values 
of serum protein and cholesterol were 
normal in all samples studied. To 

clarify the role of anticoagulants, the 
coaxial cylinder data of Brundage (3) 
on oxalate-stabilized whole blood are 

compared with our data (Table 1) for 
fresh, untreated whole blood, at equiv? 
alent hematocrits. 

There appears to be a consistent 
trend in these data of substantially 
greater shear dependence of viscosity 
in fresh whole blood as compared to 
oxalate-treated whole blood, as indicated 

by the viscosity values at rates of 23 
see-1, (A), and 46 see"1, (B). 

In Fig. 1 (bottom) are shown curves 
of viscosity of plasma versus shear 
rate. The three curves represent values 
obtained with untreated plasma, and 

plasma obtained from anticoagulant- 
treated whole blood. All three were 
obtained from the same blood sample. 
It is evident that below approximately 
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50 see-1 shear rate, the curvature (and 
thus the shear rate dependence of vis? 

cosity) of fresh plasma is greater than 
that of heparinized or oxalate-derived 

plasma. 
In respect to plasma, Brundage (3) 

working on oxalate-treated samples 
found no difference in viscosity be? 
tween a 2.2 see-1 and a 5.14 see-1 shear 
rate, which is in essential agreement 
with the findings reported here. Bing- 
ham (7) makes no mention of having 
observed non-Newtonian viscosity in 

plasma in which the content of oxalate- 
treated fibrinogen was varied. In the 

light of his pioneering work in non- 
Newtonian rheology, it is unlikely that 
non-Newtonian viscosity effects would 
have escaped his notice, had they 
existed. 

The above data seem clearly to indi? 
cate that more attention should be 
focused on the viscosity of fresh blood 
and fresh plasma, even though it is 

experimentally difficult, in order to 
detect rheological characteristics at 
different rates of shear. 

The consequences of shear rate 

dependence of viscosity on hemo- 

dynamics may prove to be profound. 
For example, in the microcirculation, 
the procession of erythrocytes in 

"single file" through capillaries (8) 
may be strongly influenced by the high 
shear rate dependence of plasma vis? 

cosity, in that next to the wall where 
the shear rate is highest, the plasma 
viscosity would be low, whereas be? 
tween any two erythrocytes where the 
shear rate is very low, the viscosity 
would be high. Such a situation would 
tend to stabilize single-file procession 
and minimize tumbling or rotation of 
the erythrocytes. This shear rate de? 

pendence of blood and plasma viscosity 
does not necessarily support or con- 
tradict the concepts of "plasma skim- 

ming" or "axial streaming" (9) as 

applied to flow in the smaller vessels. 

Continuing research is aimed at elu- 

cidating the effects of the shear rate 

dependence of viscosity upon these 
and related phenomena. 

Freshly drawn whole blood and 
fresh plasma separated from the red 
cells show a high degree of shear rate 
dependence of viscosity, whereas the 
addition of oxalate or heparin reduces 
the degree of shear rate dependence of 
viscosity in whole blood and causes it 
virtually to vanish in plasma. The 
shear rate dependence of viscosity in 
whole blood, especially in regard to 
movement of erythrocytes through 
arterioles, capillaries, and venules, 
would appear therefore to be a critical 
factor in the dynamics of blood flow 
of the microcirculation. 
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Faunal Remains on an 

Antarctic Ice Shelf 

Abstract. Fishes and benthic inverte- 
brates discovered frozen in situ and ex? 
posed at the ablation surface of the Mc- 
Murdo ice shelf provide evidence both for 
the occurrence of a fauna, including large 
fishes, under the permanent ice shelf and 
for Debenham's hypothesis of the nourish- 
ment of an ice shelf by the freezing of sea 
water on its bottom. 

On 8 November 1960 we found the 
remains of upwards of 50 partially de- 

composed fish and the remains of sev? 
eral kinds of benthic invertebrates on 
the surface of the floating ice shelf in 
McMurdo Sound, Antarctica (Fig. 1). 
The remains were scattered over a small 
area some 2 km from the ice front 
near the easternmost of the Dailey Is? 
land group (77? 52' S, 165? 18' E). The 
ice shelf is probably more than 30 m 
thick in this area, and the surface is at 
least 3 to 5 m above sea level. 
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