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The viscosity of the blood is an important factor
in any consideration of blood flow or peripheral
resistance (1). In addition, a change in blood vis-
cosity has been implicated in many clinical con-
ditions (2-6). The determination of blood vis-
cosity in man, however, has been limited by poor
techniques of doubtful accuracy. With the meth-
ods now available, blood is removed from the body
and its viscosity determined relative to water.
This relative viscosity is of limited value in any
quantitative hemodynamic study, and cannot be
converted into accurate absolute values because of
changes occurring in the blood subsequent to its
removal from the body. If the viscosity of blood
in its unchanged state could be determined, an
important experimental value would be made
available. A technique for such a measurement is
now described.

METHOD

According to Poiseuille's law (7), during laminar flow
of a homogeneous fluid in a tube of constant diameter, the
frictional energy loss bears a linear relationship to the
volumetric rate of flow and is independent of the vessel
wall. Absolute viscosity of a fluid can be determined by
passing the fluid through a tube of known length and
radius while measuring the rate of flow and the differ-
ence in pressure between the ends of the tube. This re-
lationship is expressed by the following formula:

f Tr
q81' (1)

where vi = absolute viscosity in grams sec. per cm.3; q =
volumetric rate of flow as cm.' per sec.; r = radius and
I = length of tube in cm.; f = frictional loss of energy as
cm.' per gram (8). If the absolute viscosity is expressed
in dyne sec. per cm.', the unit of viscosity is the poise or
centipoise (9).

It has been shown that in vessels greater than 0.3 mm.
diameter, blood behaves as a homogeneous mixture (10),
and at physiological pressures its flow is laminar (8).
According to formula (1), viscosity is independent of
the character of the vessel wall and a tube may be sub-
stituted for a blood vessel to allow an accurate determina-
tion of length and radius. The insertion of such a branch-
ing system does not invalidate Poiseuille's law. If a needle

is to act as the tube, the factor vrr'/81 is more readily ob-
tained by measurements of flow rates of distilled water
at known pressures than by attempted determination of
the cross sectional area of the needle, the bore of which
is not constant. This was done by measuring the rate
of flow of distilled water at 200C from a reservoir of
known height. The following relationship then holds:

Tr
=

(tp)(q)
8il f , (2)

Substituting the absolute viscosity of water at 200C, and
converting it into centipoise, the needle factor X is
derived from the formula:

x = (98850)(q) (3)

where q and f have the meaning given above. Experi-
mentally it was found that a long no. 18 gauge needle
(length 90 mm.; inside diameter 0.838 mm.) served best
for accurate calibration and viscosity determination. This
needle has an internal bore well above the critical 0.3 mm.
diameter that has been found necessary for blood to act
as a homogeneous mixture in a tube (10). Green's (8)
criteria that the minimum length of a tube should be at
least twenty times the diameter, in order to minimize
pressure losses, is also satisfied. With such a calibrated
needle, the viscosity of whole blood may be determined
by the relationship:

(f)(X)
q q

(4)

In order to express viscosity in a less cumbersome form,
conversion to poise units is desirable. This is accom-
plished by dividing first by a factor of 980, which converts
gram sec. per cm.' to dyne sec. per cm.', and then by
100 to convert poises to centipoise, as follows:

(f)(X)
v (q) (9800) ' (5)

where f and q are calculated as follows. A calibrated
needle connected to a saline manometer is inserted into
a large superficial vein. The pressure in the vein is
raised to 200 to 400. mm. water by lowering the vein well
below the level of the heart. When the pressure at the
needle point has stabilized the glass connector to the
saline manometer is disconnected. Blood is allowed to flow
freely through the needle and is collected in a calibrated
heparinized tube over a period timed by stop watch; the
pressure within the vein is immediately rechecked. The
flow rate (q) is then calculated as cm.' per sec. and
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should be kept at the level of 0.1 cm.' per sec. In this
fashion, approximately thirty seconds will be sufficient
to collect the 3 cm.' of blood necessary for an accu-
rate measurement of flow rate. On the collected blood,
hematocrit determinations were made by centrifuging
the specimen in a Wintrobe tube for thirty minutes at
3,000 r.p.m. The pressure as read on the manometer plus
atmospheric pressure represents the pressure head at the
needle point. As the end of the needle is exposed to the
atmosphere during blood flow, the pressure gradient is
represented by the determined venous pressure. If the ve-
nous pressure in cm. is multiplied by the density of the
fluid in the manometer, pressure is converted into cm.' per
gram and represents the frictional loss of energy during
blood flow, or f. Using a saline manometer, the den-
sity conversion factor is 1, and the venous pressure de-
termination in cm. may be substituted for f. Absolute
viscosity is then calculated in centipoises according to
formula (5).

Three major inaccuracies may occur with this method.
(1) It is well known how variable venous pressure may be.
The subject should be relaxed and the volumetric rate of
blood flow should not be measured until at least three
similar readings of venous pressure have been obtained.
The venous pressure should be rechecked immediately
after the determination of the flow rate, and if a gross
discrepancy exists between this and previous measure-
ments, the blood flow determination must be discarded.
When minor differences exist, a mean value should be
taken as the venous pressure during the thirty second pe-
riod of blood flow determination. (2) The assumption is
made that the venous pressure is the same during its
measurement and during the blood flow determination.
However, it is known that the pressure head acting on
a tube increases in a change from the static state to active
motion (9). This error in the method is partially off-set
by the fact that the needle does not completely occlude the
vein, and a static state does not exist. The magnitude of
this error, however, has not yet been determined. (3)
Changes in blood temperature during determination of
viscosity will lead to inaccurate results. Accordingly,
longer needles and flow rates less than 0.1 cm.' per sec.
should be avoided unless the needle is thermostatically
jacketed.

Blood viscosity is dependent on the volume of packed
red cells and the concentration of plasma constituents.
Normally the erythrocytes are responsible for the major
contribution to the viscosity. However, in certain con-
ditions (e.g., cryoglobulinemia) the presence of highly
asymmetric molecules play a major role and this may be
an important factor in the clinical picture. In this study
an attempt was made to correlate the hematocrit with the
absolute blood viscosity. Accordingly, patients with ab-
normal plasma constituents, or erythrocytes of abnormal
size and shape, were excluded from the study group. In
this way it was hoped to arrive at the normal relationship
of absolute viscosity to the hematocrit.

RESULTS

On a hospital population, selected as above, 154
absolute viscosity determinations were carried out
on 72 patients (Table I). A single determination
was made on nineteen patients; thirty patients had
two determinations, eighteen patients three deter-
minations, four patients four, and one patient five
measurements of viscosity. In the 53 patients
whose viscosity levels were repeated, the average
intra-subject standard deviation was 0.12. Thus,
at a hematocrit ranging about 45 per cent, the vis-
cosity was determined to be 2.70 + 0.12 centi-
poises; the coefficient of variation at this level is
therefore 4.5 per cent. This means that when
one observation is recorded using the above tech-
nique, the true value will be within 8.9 per cent of
the observation in 95 per cent of the cases. This
is well within the range of error encountered in
most hemodynamic procedures today.

Determinations were made at hematocrit ranges
from 14 per cent to 76 per cent and mean absolute
viscosity levels of 1.32 to 7.80 centipoises were
found. When the hematocrit ranged from 40 per
cent to 45 per cent, absolute viscosity ranged. from
2.30 to 2.75 centipoises. This value falls within
and effectively narrows the range of normal vis-
cosity approximated by Green (8) as 1.75 to 2.80
centipoises, which was obtained by converting vari-
ous in vitro determinations to absolute values. The
results are summarized in Table I.

When the absolute viscosity is plotted against
the hematocrit (Figure 1), a smooth curve is ob-
tained which closely follows the slope of a formula
derived by Hatschek ( 11, 12):

71v1 = I .i (6)

where v- = viscosity of whole blood, -% = viscosity
of plasma, and 4 = hematocrit expressed as a
fraction. Hatschek's formula as presented in Fig-
ure 1 is derived from the calculations of Trevan
(13) by converting relative to absolute units.
This has been done by using Trevan's finding of a
relative viscosity of 4.42 at a hematocrit of 46
per cent as equal to the experimentally found ab-
solute viscosity of 2.70 centipoises at the same he-
matocrit.
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TABLE I

The absolste blood viscosity axd hmalocril of 72 ptiens

Vicoity in centipolse Viosity in centipoise Viowity in centipoise
Hemato- Determi- Hemato- Determi- Hemato- Determi-

crit nation Mean crit nation Mean crit nation Mean

37

37.5

38

1.81
2.09
2.15

2.33
2.37

2.27
2.26
2.27
1.80
1.84

2.40
2.52
2.53

2.42
2.31
2.24
2.34

39

40

41

42

43

44

45

2.20
2.28
2.31
2.68
2.35
2.39
2.57

2.32

2.33
2.69
2.84
2.72
2.76
2.78
1.82
1.87
1.87

2.54

2.51
2.56
2.66
2.70
2.72
2.76
2.77
2.27
2.32
2.37
2.76
2.82

2.22
2.96
3.04
3.07
3.10

2.76
2.77

46

1.81
2.12

2.35

2.27
2.27

1.82

2.48

2.42
2.31
2.29

2.26

2.68
2.44

2.32

2.33
2.77

2.75

1.85

2.54

2.61

2.75

2.32

2.79

2.22
3.04

2.77

47.5 3.00
3.18
2.76
2.84

2.67
2.92

48

50 3.04

52.5 3.14
3.22

53 3.52
3.48
3.21
3.35
2.76

.2.84
3.41
3.42
3.54

54 3.35
3.41
3.41
3.66
3.70
3.74

55

56

3.59

3.54

3.66
3.63
3.90

58

60 3.80
4.15
4.16
4.27

69

72

4.91
5.14
5.33

6.16
6.31
6.57
6.97
7.03
7.06

3.09

2.80

2.80

3.04

3.18

3.50

3.28

2.80

3.46

3.35
3.41

3.70

3.59

3.54

3.66
3.77

4.10

5.13

6.35

7.02

73 5.04 5.40
5.15
6.00

76 7.73 7.80
7.84
7.84

14

19

21

22

23

24

26

27

30

30.5

31

31.5

32

33

34

35

1.69
1.37

1.99
2.03
1.87

1.98
2.12

1.26
1.36
1.34

1.69
1.70

1.55
1.59
1.60

1.64
1.68

1.64
1.74

2.13
2,14
2.18
2.19
2.21

1.87
1.88

1.91
1.96

1.79
1.82

1.58
1.66
1.84
1.89

2.19

2.07
2.16
2.27
2.21
1.68
1.72
1.88
1.90
1.65
1.68
2.05
2.09
2.15
2.24

2.09
2.17
2.23

1.53

1.96

2.05

1.32

1.70

1.58

1.66

1.69

2.17

1.88

1.94

1.81

1.62

1.87

2.19

2.07
2.16
2.27
2.21
1.70

1.89

1.67

2.13

2.16
47

l- I
-
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FIG. 1. THE RELATIONSHIP BETWFNTHE ABSOLUTEViscosITY OF WHOLEBLooD IN
CENTIPOISE ANDTHE HEMATOCRIT

The curve represents the theoretical relationship expressed by Hatschek's formula and is de-
rived from the calculations of Trevan as explained in the text

DISCUSSION

An "ideal fluid" is one in which internal forces
at any internal section are always normal to the
section, even during motion; that is, forces are

purely pressure. Since there can be no tangential
force, the fluid is frictionless. This type of fluid
does not exist. In an "actual' fluid," in addition

to the pressure forces, tangential or shearing
stresses always come into play whenever motion
takes place. This shearing stress gives rise to fluid
friction, and is due to the property of the fluid
termed viscosity (9).

Many methods have been devised for the deter-
mination of blood viscosity. The original attempts
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(14, 15, 16) were inaccurate and were replaced
by the method of Hess (17). This technique
measures the comparative rate of flow of blood
and water in similar tubes as an equal pressure is
applied. General dissatisfaction with the method
has been made evident by repeated attempts to
produce a more accurate technique (13, 18-22).
All of these methods were of the in vitro type and
yielded values for the viscosity of blood relative to
water.

The removal of blood from the body produces
many changes in the blood which prevent a con-
version of relative to absolute blood viscosity.
Any method endeavoring to determine accurately
blood viscosity must standardize the following
factors: (a) Blood temperature. Burton-Opitz
(23) showed that with cooling of blood, viscosity
increased. This increase has been said to range
from 0.8 per cent (24) to 2.0 per cent (8, 16) per
degree centigrade of cooling. From Langstroth's
(25) experimental findings, however, there is ap-
proximately a 3.0 per cent rise in viscosity with
every degree centigrade of cooling. (b) Fluidity
of blood. As viscosity is calculated by determining
flow rate, clotting will lead to erroneous values.
Brundage (19) found that in zitro measurements
of viscosity without anticoagulants were unsuccess-
ful. Yet rendering the blood fluid by defibrination
(26), heparin (21) and hirudin (27) has been
found to change blood viscosity. The use of oxa-
late salts which change cell volume is also inac-
curate, as viscosity varies with cell volume (28, 29).
(c) Sedimentation of the blood. The volume of
packed red cells influences blood viscosity. There-
fore, blood settling during determination of vis-
cosity will lead to erroneous values. (d) Blood
carbon dioxide content. It has been shown (25,
30) that a change in the carbon dioxide content of
the blood changes its viscosity, with the viscosity
rising as the carbon dioxide content increases.
Accordingly, it is necessary to equilibrate blood
to atmospheric tension of carbon dioxide for ac-
curate in vitro determinations. (e) Tube diameter.
To determine viscosity according to Poiseuille's
law, the fluid must be homogeneous. Fahraeus
(10) found that blood acted as a homogeneous mix-
ture only in tubes of 0.3 mm. diameter or larger.
Below this point, viscosity decreases with the re-
duced diameter of the tube and does not follow
Poiseuille's law. (f) Pressure-flow relationship.

Poiseuille's law can be applied to the motion of
fluids only when that motion is laminar. Applying
Reynold's equation, it is found that physiological
blood flow is laminar except possibly in the aorta
during the ejection phase (8). Bayliss (31) found
that the change of viscosity with velocity of flow
is marked at low velocities, but becomes less evi-
dent as velocity increases. At physiological pres-
sures an optimum range of velocity exists so that
viscosity is unaffected by flow rate ( 17). Fahraeus
(10) used a pressure of 100 mm. Hg and con-
sidered that far above the critical level. Whittaker
and Winton (32) found that pressures of 30 mm.
to 120 mm. Hg maintained accurate viscosity-
pressure relationships.

In order to compare in vivo and in vitro vis-
cosity determinations, Whittaker and Winton (32)
perfused the blood vessels of the hind limb of a
dog. As expected from the capillary diameter,
they found intravascular viscosity lower than vis-
cosimetric values. Because of this, "apparent vis-
cosity" was estimated on the basis of a modification
of Poiseuille's law and no attempt was made to
determine absolute viscosity. Mendlowitz (33)
also employed this approach in determining digital
intravascular viscosity in man. Objections can be
raised in this application of Poiseuille's law for the
determination of intracapillary viscosity. In his
study on capillaries, Landis (34) found that Poi-
seuille's law could not be applied to a quantitative
consideration of pressure drops in capillaries.
This is borne out by Green's (8) demonstration
that capillary blood flow is of the plastic type rep-
resenting an interaction between the walls of the
tube and the liquid. This is in contrast to viscous
flow which represents solely an interaction between
the layers of the fluid.

In the present method Poiseuille's law is used
to determine the viscosity of blood as it flows in
vessels 0.3 mm. diameter or larger. The advan-
tage of the method is that viscosity is determined
without changes in the blood and may be expressed
in absolute units, allowing direct application in
quantitative hemodynamic calculations.

The demonstration that the absolute blood vis-
cosity is related to the hematocrit according to
the formula described by Hatschek (11, 12) per-
mits examination of the behavior of that com-
ponent of the viscosity attributable to the red cell
mass. Hatschek originally described this relation-

296



DETERMINATION OF BLOODVISCOSITY

ship for colloidal systems and found it applicable
to systems with corpuscular concentrations of 65
per cent or greater. Trevan (13) showed that
this formula applied to blood, demonstrating a + 1
per cent relationship at hematocrits above 45 per
cent. The flat shape and easy deformability of the
erythrocyte was believed to allow the application
of this formula at lower hematocrits. Whittaker
and Winton (32) modified the formula as given
above (formula 6) and found it applicable for he-
matocrit ranges from 10 to 80 per cent. In their
review of this relationship, they found that the
slope of the derived curve was independent of
viscosity units or pressure and could provisionally
be adopted as an empirical relation between he-
matocrit and viscosity. Trevan made in vitro
measurements of viscosity and Whittaker and Win-
ton used a biological viscometer. A similar re-
lationship between absolute blood viscosity and
the hematocrit has been demonstrated in the pres-
ent study.

The relationship of hematocrit to intracapillary
blood viscosity described by Whittaker and Winton
(32) and confirmed by Mendlowitz (33) was not
found. This demonstrates again that blood viscos-
ity in the capillaries and in vessels of 0.3 mm.
diameter or larger are of different magnitudes.
When the two levels of viscosity are compared,
there is a wide divergence at low hematocrits and
a closer approximation in polycythemic patients.

The linear relationship between viscosity and
hematocrit described by Holbrook and Watson
(35) and Nygaard, Wilder, and Berkson (36)
was not confirmed. The latter observers, how-
ever, found it necessary to exclude cases of poly-
cythemia in order to arrive at a linear relationship.
The error introduced by excluding these values is
obvious when it is realized that in polycythemia
there is a sharp rise in the ratio of viscosity to
hematocrit.

By varying mixtures of erythrocytes and plasma,
Evans (37) found a linear relationship between
the hematocrit and the logarithm of the viscosity.
On the limited data available it was not possible
to confirm or deny this relationship.

Although knowing the hematocrit allows the
absolute blood viscosity to be approximated, it
should be stressed that this is possible only when
the erythrocytes are normal in size and shape, and
the plasma constituents are of normal concentra-

tion. There are several suggestions in the litera-
ture of disease states in which blood viscosity levels
are abnormal. Sickle cell anemia (38), leukemia
(39), hypercholesterolemia (40), hyperglycemia
(41), and changes in plasma protein values (42)
are all said to cause changes in blood viscosity.
As these observations were made with methods
of doubtful accuracy, detailed reinvestigation is
necessary before conclusions can be drawn.

SUMMARY

1. A method for the determination of absolute
blood viscosity in vessels of 0.3 mm. diameter or
larger is described. This technique involves vene-
puncture, a determination of venous pressure, and
the measurement of flow rate of blood through a
calibrated needle.

2. In 72 patients the hematocrit was correlated
with the absolute viscosity and found to follow
closely the slope of a curve derived from Hatschek's
formula. Patients with hematocrits from 14 to
76 per cent were studied and were found to have
absolute viscosity levels of 1.32 to 7.80 centipoises.
At hematocrits of 40 per cent to 45 per cent, blood
viscosity was found to range from 2.30 to 2.75
centipoises.

3. The average intrasubject standard deviation
utilizing this method was found to be 0.12 with a
coefficient of variation of 4.5 per cent.

4. The use of Hatschek's formula and the he-
matocrit- to predict absolute blood viscosity is dis-
cussed. Some of the conditions leading to an
abnormal hematocrit-viscosity relationship are
mentioned.
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