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Résumé. — L’utilisation d’un viscosimétre Couette a cylindres coaxiaux permet la mesure de la viscosité de
suspensions de globules rouges dans une gamme de cisaillement variant de 0,017 5 s™* 4 128 s~*. L’état d’agré-
gation et I’état de déformation des globules sont obtenus en adaptant les paramétres d’une relation rhéologique
aux résultats expérimentaux. Différents types de suspensions de globules rouges sont étudiés. Une application aux

cas pathologiques est proposée.

Abstract. — The use of a Couette viscometer with coaxial cylinders enables us to measure the viscosity of red
blood cell suspensions, the shear rate varying from 0.017 5 s™* to 128 s~ 1. Red blood cells aggregation and defor-
mation states are obtained by fitting a rheological relation on experimental results. Different types of suspensions
are studied. An application to pathological cases is proposed.

1. Introduction. — The use of low shear rate vis-
cometers in the field of biorheology has enabled
scientists to show that the viscosity of whole human
blood collected on anticoagulant increases greatly
when the shear rate j decreases below 10s~!. The
non-newtonian characteristic of this fluid is due to
several factors which play a very important part,
such as :

— the deformability of the red blood cells (RBCs),

— the aggregation of RBCs (formation of rou-
leaux), :

— the electrical level of the RBCs membrane,

— the composition of plasma and its physico-
chemical state.

The study of the influence of blood viscosity on
blood flow has always been main topic of interest.
The importance of stasis in inflammatory reactions
and of RBCs aggregation in shock due to haemor-
rhagics or burns has clearly been shown [1].

Unfortunately the quantitative aspect of the
problem brought about in rheology for concentrated
medium has until the past few years come up against
the lack of satisfactory theoretical studies.

Many of the laws relating the viscosity to concen-
tration n = n(c) that we may call empiric or partially
empiric have been put forward. These laws give the
Einstein relation when the volumic concentration

¢ — 0, such as :

— the Brinkman-Roscoe law [2]

Me=k=(1— o2

P

(n, = plasma viscosity) ,

— the Mooney law [3]

2,5
M = €XP\T—7¢

1 . . .
where A = —, ¢y being the packing concentration
c

M . . .
and non-newtonian laws t = #.y = 1(y), such as
the Casson law [4]

\/‘—E_=A\/_§+\/T_y

where t = shear stress,
T yield shear stress,

y = shear rate.

It seems that these laws only allow the rheological
behaviour of human blood within a limited range of
concentration and shear rates.

On a basis of the optimization of viscous energy
dissipation, a new theoretical approach has been
developed by one of us [5].

It has led to the rheological relation :

y

_n___ 1
r,r_np kH2 (1)
2

where
n, = relative viscosity,

n = suspension viscosity,
1, = plasma viscosity,
H = suspension hematocrit,
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k = the effective intrinsic viscosity that can be
considered as a function of maximum concen-
tration H,, relating to the packing of RBCs that
solidify the suspension :

k=—.

e = 0, H,

This law has been extended to the non-newtonian
behaviour [6]. The relation (1) becomes :

1 -2

__k0+koo’).)r1/2 N '};
I

)
k

The parameters k, and k_ characterize the beha-
viour of the suspension at zero and infinite shear rate.
When $ = 0 the RBCs aggregation is the predo-
minant process. When 7 is large, rouleaux are dispersed
and single cells are deformed and oriented in the flow.
The critical shear rate y, defines a characteristic value
which separates the domain where RBCs aggregation
occurs to the one where RBCs are dispersed as single
cells. Within the limit 7 > 9, the equation
f =f (ﬂ) which is deduced from (2) is in agree-
ment with the Casson law and allows us to find a
yield shear stress [7] given by :

. H k, H\ 2
o = 2 3k, — k) (1 - —2—> :

The experimental study performed in our laboratory
shows the interest of these three parameters that
characterize the rheological properties of different
samples of blood or RBCs suspensions.

2. Methodology. — 2.1 VISCOMETRY. — Viscosity
measurements are done by the means of a Couette
viscometer with coaxial cylinders (L:S. 30 Contraves,
inner and outer cylinders & = 11 mmand @ = 12 mm
-respectively, height = 20 mm, Fig. 1). The shear

| iAJZ

Fig. 1. — Body (1 and 2) and its guard ring 3.
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rate can vary from 0.017 5s~! to 128 s~ ! by 30 dis-
crete values. The amount of liquid needed is approxi-
matively 2 cm>. The apparatus temperature is regulat-
ed. The results that will be presented were achieved
for 230 + 0.1 °C. A plexiglas protection isolates the
measurement cup from outer disturbances (draughts,
sound vibrations...). It is difficult to get altogether
rid of mechanical vibrations transmitted by the
building. We obtained the most acceptable results
by setting the viscometer on a tank that had been
filled with 300 kg of sand.

The setting of the apparatus was done and the
manufacturer’s testing was verified with different
newtonian liquids such as aceton, water, Dow chemical
oils (n = 5 cP, 50 cP, 100 cP). The error of the appa-
ratus is lower than 5 % for the zones of the diagram
n = f() which are related to the rheogram of human
blood.

When we actived the first measurements with
plasma and human blood (H = 0.30) we faced the
same problems other experimenters met.

It is known that low viscosity measurements are
modified by the formation of a semi solid protein
film on the air blood interface. A few drops of duo-
decyl sodium sulfate [8] temporely suppresses these
interfering effects. Unfortunately microscopic obser-
vation shows that the RBCs are deformed by this
substance. Therefore, such adding has not been
used. The technique of the guard ring [9] enables us to
avoid this drawback. By slightly penetrating into the
surface of the suspension it protects the bob from
the effects due to the film (Figs. 1 and 2).

Y

01 N . 100
Log ¥

Fig. 2. — Guard ring influence. Bovine blood H = 0.26.
Logn = f(log 7). a) Without guard ring. b) With the guard
ring. The fluid is newtonian.

The human RBCs sediment quickly (sedimentation
rate = Smm/haty = 0). Therefore the measurements
on a sample must be achieved during a limited period
in order to diminish the influence of this effect. For
normal samples a period less than 15 seconds for
performing each measurement enables the obtention
of a rheogram with no problem whatsoever [10].
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The question whether during measurements the
shear rate has to be increased or decreased has also
"arisen. The fact that we have chosen the decreasing
variation is justified by the fact that the progressive
formation of rouleaux occurs more regularly when the
shear rate decreases than they dissociate when the
shear increases. On one hand we begin with a homo-
geneous liquid in which all the dispersed blood cells
are oriented along the flow lines. This structure is
reproducible for different experiments and various
samples. On the other hand the structure at the outset
can be complex, the network of rouleaux varying
from one measurement to another.

2.2 METHOD OF DATA PROCESSING. — The gap of
the measurement system being 500 p, we may suppose
that there is no plasma layer effects [11]. Moreover
we may consider that in first approximation, shear
rate is constant inside the gap. We therefore don’t
need to use a Krieger and Elrod’s correction [12].

The number of data we must analyse is great,
since they concern the following relations :

me=If@, n=rfH, Jr=1,

for normal samples, pathological samples and samples
to which drugs had been added.

The use of a small computer (H.P. 9821 A) allows
us to overcome this processing.

A first program has been taken into account the
sensitivity level of the apparatus and enable us to
draw the diagram 75 = f(y), logn = f(log?y),

= f(), \/— =f (\/;) and to record the values of

n, 7, © for each measurement.

A second program using a least squares method
leads to the parameters k,, k., y. by fitting the
equation (2) on the resulting data n = f(}). Figure 3

0

9 . - =
Log ¥

Fig. 3. — Test the law (2) : O Mr X, @ MrY.

M, =126cP, T=37°C, g, =167cP, T=23°C
H =049 H =0.46
ko = 3.59 ko = 4.16
k, =157 k. = 1.6l

Ve 7.93s7! Ve 1.76s7 1.
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shows the comparison of the experimental curve
log n = f(logy) (from which the 3 coefficients are
calculated) to corresponding theoretical curve. We
can notice a good agreement. :

2.3 THE SUSPENSIONS. — We have prepared the
suspensions (kind of anticoagulants, number of
washings, speed and duration of centrifugation,
duration and temperature of incubation) in accor-
dance to literature recipes. Viscometric measurements
have been performed on the following RBCs sus-
pensions :

— RBCs in a isotonic physiological serum,

— RBC:s centrifugated and resuspended in plasma
(from which the white blood cells have been pre-
viously eliminated),

— RBCs hardened by glutaraldehyde,

— washed RBCs suspended in Dextran solutions
of various molecular weights, at various concen-
trations and different ionic strengths,

— RBCs ghosts (after hemoglobin extraction by
hemolysis [13]).

The hematocrit has been measured by centrifugation
in microhematocrit tubes at 2 000 g during 15 min.
This acceleration is insufficient and results in hemato-
crit values which have to be reduced by 5 % to get the
true values. It would be necessary to use a 15000 g
centrifugation in order to eliminate that cause of error.

The data processing will be simplified and speeded
up by the achievement presently underway in our
laboratory of an interface between the viscometer
and the computer. This interface will control the
viscometer and after, will analyse the data [14].

3. Results. — 3.1 SUSPENSIONS OF BOVINE RBCs.
— 3.1.1 Suspensions of RBCs in autologous plasma
and in saline solution. — A first group of measurements
was achieved with bovine blood and different sus-
pensions of bovine RBCs. Although one of the
characteristics of human blood, that is the formation
of rouleaux no occurs in bovine blood, the importance
of this measurements (Fig. 4) was to test the metho-
dology with a less precious fluid than human blood.
The absence of yield shear stress on the figure 5 can
be noticed.

The results obtained with the same blood sample
are shown on table 1.

Table I.
H ky kg 7p.st (Cy = 2/ky)
0.77 2.59 2.05 1.28 0.77
Bovine RBCs 0.66 291 2.10 1.13 0.69
+ Physiological 0.58 294 2123 1.23 0.68
serum 049 3.02 246 0.84 0.66
T=23°C,pH=74 041 312 270 0.3 0.64
035 3.12 275 1 0.64
0.65 291 1.78 5.1 0.69
Bovine RBCs 0.54 3.02 1.85 9.6 0.66 -
+ Plasma 042 3.12 1.86 7.6 0.64
T = 23°C 0.38 299 190 152 0.67
0.35 3.14 195 170 0.64
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Fig. 4. — a) Rheograms of washed bovine RBCs suspended in
their plasma for various hematocrits. b) Rheograms for washed
bovine RBCs in saline for various hematocrits.

|

10 ' ’ ' 180 ﬁ

Fig. 5. — Shear stress-shear rate relation \/? =f (ﬂ). The
absence of yield shear stress was noticed.

These results support the meaning of k, as a para-
meter related to the aggregating ability of the RBCs.
We notice hereby, that it is almost the same value
for the two suspensions in agreement with the lack
of formation of rouleaux. In this case k, only depends

REVUE DE PHYSIQUE APPLIQUEE

on the concentration without deformation (Cy, = 0.61
for H < 0.42). However with highly concentrated
hematocrits k, decreases because of the RBCs
deformation by crowding phenomenon (Cy = 0.69
for H = 0.66 and even Cy = 0.77 for H = 0.77).

The meaning of &k, as a parameter of RBCs defor-
mation and therefore of RBCs orientation is also
supported by these results which offer, at same
hematocrit, lower values for plasma (7, = 1.2cP)
than for saline solution (1, = 0.95cP), the defor-
mation and orientation being higher in the former
than in the latter. .

Moreover the orientation effect being greater and
greater as H increases we obtain decreasing k. in
both cases.

3.1.2 Suspensions of RBCs hardened by glutaral-
dehyde. — RBCs washed three times in isotonic
saline have been suspended into a 2 9 glutaraldehyde
in saline. For all shear rates at which measurements
can be done, newtonian behaviour is evident (Fig. 6).

100" Lag

Log 3
01 100

Fig. 6. — Rheograms of bovine RBCs hardened by glutaraldehyde.
We can notice the absence of measurements beyond 1s~! for
H = 0.56. It was impossible to centre the bob.

Applying the law (1) for the variation of viscosity
versus concentration gives k values. Taking into
account hematocrit correction by the tactor 0.60 [15],
the results shown in table II are obtained.

Table II.

H 0.56 048 042 033 0.28 0.22

k after 2 days
of incubation

k after 3 days
of incubation

227 225 224 226 227 228

285 284 279 278 282 290

The value of k depends upon the duration of
incubation of the suspension in agreement with other
observation [16].
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3.1.3 Ageing of RBCs in autologous plasma. —
From 50 cm? citrated blood stored at low temperature
(4 °C), dayly diagrams have been drawn (Fig. 7).

) ) Log &
01 100
Fig. 7. — Ageing of bovine blood. After 0Oh. — —.—
After 24 h. 00000 After 30 h. --------- After 50 h. After
55h. — —— After 100 h.
Table III.
Time in h 0 24 30 50 55 100

ko 335 343 3.55 4.66 4.66 4.89
k., 238 251 2.66 3.02 3.12 3.40
Jes ! 20 74 78 07 18 1
1, cP 16 16 16 17 17 2

On one hand the results of table III can be inter-
preted for enhanced RBCs aggregability since k,
has increased. The isolated RBCs cells have decreased
in number with the time. Microscopic observation
shows larger and larger flocs of RBCs. The blood
tends to coagulate. On the other hand deformation
of the RBCs decreases : k, increases although 7,
does too.

3.2 SusPENSIONS OF HUMAN RBCs. — Being able
to control the viscometer we undertook experi-
mentation with human blood. We will hereby give
the most relevant results.

3.2.1 RBCs in saline solution. — Table IV exhibits
k, and k, values close the corresponding bovine
oncs. although slightly higher k,. As no aggregating
effects occur for human RBCs in saline, such results
show the equivalence between the behaviour of these

Table IV.
H ko kg 987! (Cy=2/ky)
Human RBCs 0.65 3.05 228 1.10 0.66
+ Physiological 0.57 3.20 230 1.25 0.62
serum 048 3.28 2.35 1.50 0.61
T = 23°C 030 335 235 1.75 0.60
pH =174 0.30 3.40 2.40 2.00 0.59

1371

two dispersed particles suspensions, slight differences
being related to the difference of volume of the two
kinds of cells.

Log ]

Fig. 8. — Rheograms of human RBCs suspended in their own
plasma, for differents hematocrits.

3.2.2 RBCs in autologous plasma. — The results
for different hematocrits are represented by the
rheograms shown on diagram 8. They will lead to
the results collected on table V. We shall interpret
them in the following way.

Table V. — Human RBCs (female) with different
hematocrit in their plasma. T = 23 °C, n, = 1.63.

H ko ke ';’c s™! (Cu = 2/ko)
0.15 13.35 2.12 0.038 0.15
0.28 5.79 2.37 0.367 0.34
0.29 5.52 2.20 0.55 0.36
0.30 5.56 2.21 0.39 0.36
0.32 5.27 2.20 0.55 0.38
0.32 5.29 2.16 0.58 0.38
0.33 5.11 2.12 0.73 0.39
0.38 4.45 2.26 0.92 0.45
0.44 4.03 1.91 1.49 0.50
0.49 3.73 1.79 4.59 0.54
0.56 3.38 1.69 6.38 0.59
0.60 3.17 1.69 597 0.63
0.65 2.98 1.72 5.91 0.67
0.70 2.77 1.64 5.53 0.72

The significance of k, as a relevant parameter
related to the aggregation is confirmed though the
values that are clearly greater when the human RBCs
are suspended in a medium which allows the for-
mation of rouleaux [17]. We can notice for instance
that for the same hematocrit H = 0.38, k, = 4.95
for RBCs in plasma and k£, = 3.35 for RBC:s in saline.

The different values of &, are quite similar to those
obtained for bovine RBCs in their own plasma.
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Figs 9. — Human RBCs. Variation of k, versus the hematocrit.

O Data of Table V. [] Chien’s results [14]. The full line represents
the limit related to the packing concentration.

This result hints at the fact that at high y the defor-
mation of human RBCs and bovine RBCs differ
only slightly since their size and form are almost
identical (see Tables I and V).

The hematocrit effect when hematocrit grows up
is confirmed once more.

Accepting the rheological equivalence between
human and bovine individual cells, as we have just
mentioned, we observe once again that k, charac-
terizes the state of aggregation. For example at
H = 0.38, k, = 4.45 for human blood and k, = 2.99
for bovine blood.

The value of the critical shear rate varies uniformly
versus hematocrit and reaches to a maximum level at
H ~ 0.50 (Fig. 10) which can support the idea that
this parameter depends greatly upon cell-suspending
fluid interaction and cell-cell interaction.

3.2.3 Ageing of human blood. — The technics
used is the same as for bovine blood. Table VI sums
up the main observations.

Table VI. — H = 041, T = 23 oC.

Time in h 0 24 48 96 120
ko 4.13 4.24 4.21 4.30 4.59
ke 2.21 2.27 2.31 2.27 2.52
7.8"t 095 1.05 1.17 0.93 0.65
1, cP 1.55 1.58 1.58 1.60 1.70
Microséopic observation leads to the same

conclusions as for bovine blood samples. We can

(s-1)
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¥

Fig. 10. — Human RBCs. Variation of the critical shear rate
versus the hematocrit.

notice that human blood has identical rheological
properties after 4 days contrarily to bovine blood.
This difference is doubtless to the conditions of
sampling for the latter which had not been controlled
rigorously.

3.2.4 RBCs suspended in different Dextran solu-
tions. — The physico-chemical properties of the
plasma play an essential part in RBCs aggregation
mainly by influencing the electrostatic interactions
between RBCs (electroviscous effects). Such effects
have been revealed for RBCs suspensions in saline
[18, 19]; the presence of fibrinogen enables the
aggregation which in turn disappears in presence of
albumin [20, 21]. These observations suggest the idea
of associating pathological aggregability to the lack
of balance between the proteins in plasma or between
macromolecules in plasma substitute (namely for the
distribution of their concentrations and molecular
weights). Such assertion is supported by the results
obtained by replacing the plasma proteins by long
molecules — the properties of which are well known —
such as dextrans, commonly used chemical product
in medicine. Dextran molecules are electrically neutral.
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The two following series of results will confirm
these observations and demonstrate once again the
advantage of using the parameter k, to characterize
.the aggregating level of the suspension.

o) Human RBCs washed three times and resus-
pended in saline solutions of different molecular
weights M of Dextran (Sigma Chemical Company)
have been used. Table VII gives the main results.
Absence of aggregation for M < 40000 and its
presence for M > 40 000 are found closely related to
ko values, in agreement with microscopic obser-
vations.

A comparison of the index 4 = k, (Dextran)/
k, (saline) proposed by one of the authors [22] with
the aggregation index :

(—’7—> dextran

R=/_
I saline
Mo

‘introduced by Brooks [23] for a specific shear rate,
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viscosity of the suspending medium raises. The jump
for k. in the neighbouring of M = 40000 is still
unexplained.

Table VII.
M ko ke Yo 871 Mp
0 3.58 2.44 3.25 1.01
10 400 3.57 2.35 7.12 1.31
18 100 3.26 1.98 55.91 1.41
41 000 3.28 1.94 30.52 1.67
70 000 4.34 2.29 3.15 1.98
80 700 4.16 2.20 2.17 1.90
161 000 4.02 2.16 10.37 1.90
H=040 T=23°C C=3g/100ml pH = 74.

B) RBCs washed three times and reinserted into
Dextran solution (M = 80 700) at different concen-
trations C have been also studied. Table VIII shows
a variation of k, versus the Dextran concentration
and illustrates the fact that the aggregation increases,

. . a
was satisfactory (Fig. 11a, 110). )
It may be also noticed the increasing deformation
of RBCs (k,, decreasing) for M < 40 000 when the I I I I sesacarecated RBLC.
— I aggregated R.BC.
R T \
A J/ \
! a) 4 ‘/’ \\ .
desaggregated ! aggregated
RB.C. : RB.C.
|
44 b o e —
/
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41 ,/1
L. I
T — s
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Fig. 12. — Washed human RBCs suspended in saline solution of
Dextran : a) Variation of k, versus the Dextran concentration
(M = 80 700). b) Variation of the coefficient R defined by
Brooks [22].

Fig. 11. — Washed human RBCs suspended in saline solution of
Dextran : a) Variation of k, versus the molecular weight of Dextran.
b) Variation of the coefficient R defined by Brooks [22].
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as C grows up to C ~ 3 g/100 ml and falls suddenly
at a value close to C = 4 g/100 ml. These observations
may be compared to the Brooks’ones [23]. However
this author notices an increase of aggregation up to
C = 6g/100 ml. Perhaps a slight difference in the
mean molecular weight of the Dextran that were used
can explain the differences in both group of results.

Table VIII.

C
% weight/vol. k, ko — Jes™' m,cP

0 3.58 2.44 3.25 1.01
1 4.21 2.29 2.83 1.24
2 4.20 2.14 4.01 1.47
3 4.24 2.12 2.34 1.90
4 3.55 2.20 8.30 2.29
5 3.54 2.26 7.20 2.45
6 3.72 2.68 5.68 2.59

H=040 T=23°C M=80700 pH=74.

3.2.5 Samples from smokers and patients. — The
results obtained with healthy blood led us to attempt
measurements for patients and people accustomed to
tabacco.

A series of blind measurements done on samples of
human blood taken in the same conditions from 25
different people including non smokers, light smokers
(< 20 cigarettes per day) and heavy smokers
(= 30 cigarettes per day).

The viscometric analysis enables us to classify the
25 cases into 3 groups which reproduced the initial
group distribution (two cases excepted, that they

REVUE DE PHYSIQUE APPLIQUEE

(CHU Angers) on several patients suffering from
diabetes and old patients suffering from vascular
brain deficiency corroborate these first observations
[25].

During the first study we noticed great variations
of rheograms for heavy smokers [24]. Similar pertur-
bations were observed systematically in extreme
pathological cases. For the shear rate zone for which
the aggregation is great (y ~ 0.1 s™1!), the viscosity
decreases suddenly. This phenomenon is shown by a
break in the rheogram. This anomaly can be inter-
preted by a sedimentation effect [26] which is reduced
and even disappears when the patient is undergoing a
medical treatment which modifies the RBCs aggre-
gation (in the present experiment, we used acetylsaly-
cilate of lysin) [27].

4. Conclusion. — The structure parameter k, and
k,, are in fact characteristic of the RBCs aggregation
and deformation state as the results we registered
have proved in different physico-chemical cases.

The analysis of this first group of results was not
complete. Several topics should be analysed and more
particularly related to the values of j..

We believe however that this first part of the study
shows that the use of the parameters kg, k, 7. to
differentiate pathological blood samples from healthy
blood ones offers an interesting perspective. It is
however necessary to confirm this preliminary conclu-
sions by continuing other surveys covering a larger
sample of population and also to know other cha-
racteristic values such as : the sedimentation rate,
the measurement of deformation by sieves, the

turned to be pathological cases) [24]. electrophoresis, the chemical components of
Another series of tests performed by Dr Lambert plasma...
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