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Abstract: Nineteen controls and twenty one patients with cerebrovascular disease have
been investigated with the Contraves LS 30 rotating cylinder viscometer and laboratory
done capillary viscometers of Ubbelohde type. The present investigation uses the rigidity
number "h", defined by the "Tokyo" expression of R.B.Whittington and J.Harkness [18],
which itself incorporates both absolute and relative viscosity, as well as examination of
the plasma viscosity. The results can basically be divided into two components: a viscous
one (A) and an elastic non-Newtonian one (B). These are constant characteristics of the
blood sample, quite independent on the hematocrit and on stresses imposed upon the
blood during measurement. When the transferred in X and Y components are plotted, two
distinct curves, patients’ and controls' results touch. They are presented in a domain,
suitable for indicating the difference between viscous and elastic forces. The blood rigidity
number "h" as a function of plasma viscosity with evident periodicity is determined. A
concentration range of blood cholesterol regarding (“h” - blood cholesterol) dependence
in which h increases rapidly is found. The larger number of patients, diagnosed as being
positive for cerebrovascular disease are confirmed by a criterion, including viscosity and
rigidity number "h".
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Introduction
Our recent interest in hemorheological factors in cerebral ischemia has resulted in study of
whole blood viscosity, its determinants as plasma viscosity, hematocrit and other biochemical
parameters. The results of 38 patients with cerebrovascular disease (CVD) [1] show that the
viscosity fell by about nine orders of magnitude, measured at rates of shear between 0.0237
sec™ and 128.5 sec™. Nevertheless, it was found, that at ALL rates of shear, the AVERAGE
whole blood viscosity and algebraically "corrected" viscosity to a standard hematocrit was
higher in the patients than in the controls. These results as published showed deviations too
wide for diagnostic purposes, but suggested that, with refinements, blood viscosity
measurements might be capable of revealing the small changes taking place in asymptomatic
and transient ischemic disorders. Another study on hemorheological changes in 170 CVD
patients and 80 controls revealed significant correlation for plasma viscosity and fibrinogen,
and for hematocrit and cholesterol in the control group and also for hematocrit and
triglycerides in the group with asymptotic CVD [17].

Whole blood viscometry used in the above mentioned study offered a series of blood
viscosity measurements at various selected rates of shear, that are frequently "corrected"”
algebraically (in the case) or physically to a standard hematocrit. Our works more recently
have been based on the "Tokyo" formula of Whittington and Harkness [18], which carries the
possibility of separating the viscous drag-forces from the non-Newtonian elastic relaxation -
effects and calls for the measurement of the plasma viscosity, which was not done in the
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earlier works [19,20]. The characteristics found, invariant to changing of hematocrit and
stresses, comprehensively mapped the entire viscosity-hematocrit-shear domain. A sensitive
viscometric method for early CVD was suggested that enables to distinguish very slightly
disturbed bloods from the normal ones. The results were based on our 11 patients and we
needed many more results before the patients' curve can be anything more than provisional.
Various other pathological conditions have been studied by the (Y,X) and (h, n) criteria, and
reported to a meeting of the Haemorheology forum of the Royal Society of Medicine [8,9].
One such set of results comes from sickle-cell patients, with an average h of nearly 30 (see
Materials and Methods). When some of these bloods were deprived of O, (in vitro) - in some
cases reaching some 30% of O, saturation - values of h of 70 or more were reached. A
previous study on using A and [ - characteristic parameters derived from whole blood
viscometry and "Tokyo" expression, revealed their potential utility in the diagnosis and
therapy in patients undergoing minor surgery, claudication, sickle cell and myeloma [21].

Materials and methods

A group of 21 patients (16 women, 5 men, mean age 56.9+10.1 years) with CVD was
investigated. According to the last classification of CVD [4] they were defined as having
asymptotic CVD (5 patients), transient ischemic attacks (4 patients) and chronic cerebral
infarctions (12 patients).The apparent viscosity of whole blood and hematocrit values were
measured in all patients and the results were compared to a control group of 19 age-matched
healthy persons. Also haemoglobin and some plasma and serum protein and lipid
constituents: total protein, fibrinogen, total cholesterol and triglycerides were examined.

Whole blood viscosity was determined by means of a rotational viscometer Couette
LS 30 Contraves at a steady flow. Blood was drawn from a cubital vein between 8 and 10
a.m. and heparinized (15 1U/ml blood). One-ml samples were estimated up to 3 hours after
blood withdrawal at 37° C and at 11 shear rates (ranging from 0.0237 to 128.5 s™).
Estimations of hematocrit were done from the same sample with microhematocrit centrifuge
TH 12 with centrifugation for 5 min at 10 000 min™.

Plasma viscosity measurements were performed at 37° C by the gravity force capillary
viscometers worked out in the laboratory [2]. We use our Ubbelohde results having, on
average, about 0.03 mPa.s higher, than those of others.

Our results - average Ubbelohde 1.31 mPa.s n=31
average Matrai-Dormandy 1.27 mPa.s n=55
average Harkness-Chalker 1.29 mPa.s n=73
average Matrai, Harkness 1.28 mPa.s n=130 (last two)

In the groups totalling 128 “controls”, the upper limit of Harkness-Matrai, was
arbitrarily fixed at 1.40 mPa.s and we used in our work this upper limit.

Parallel with viscosity measurements some plasma and serum proteins and lipids were
estimated: total protein by biuret method, fibrinogen - by coagulation method according to
Clauss, cholesterol - by enzyme method with tests of Boehringer and triglycerides - by UV
method also with Boehringer's tests.

The primary assumption, indeed, springs from the work of Einstein [5], who treated
the viscosity of a particulate suspensions in terms of the disturbances created in the dispersion
fluid by the presence of the particles. Whittington and Harkness presented the "Tokyo
expression”
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where ¢ is the HCT %; n is the whole blood viscosity (mPa.s); no is the plasma viscosity
(mPa.s); y is the rate of shear (s™); vc is the critical low shear rate (s*) derivable from the
manufacturer's data (see Materials and Methods); A is the "viscosity parameter”; B is the
"shear-sensitivity exponent” which links the Non-Newtonian relaxation effect into the equ.(1)
and is some orders of magnitude smaller than "A".

For the convenience of mapping with co-ordinates of similar magnitude, we write
X=10°(A-1): so that (Y-X)=h=10%(A-B-1), the physical attributes of A and B being transferred
to Y and X, and that of the difference between the viscous and elastic parameters being
transferred to "h".

Features of the "Tokyo Expression™
1) It is essential to begin with the relative viscosity n / no, in view of EINSTEIN's approach,
mentioned above.
2) Removal of the non-Newtonian relaxation is obtained by setting § = 0, giving the simple
exponential n / no= A? for suspensions of rigid particles.
3) Thyxotropic behaviour results when 3 < 0.
4) When y = v, n/no — o, the driving force becomes impossible large.
5) 1-1logy/log y. is an arbitrary presentation of the applied shear-strain.
6) A and B are solved for two widely - spaced rates of shear in Eq.(1).
The value y. =1 is precisely forbidden by the form of rate - function, since B
temporally disappears from the equation.
The significance of the number h is shown in Fig.1, where our extreme values for the
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Fig. 1. "Blood rigidity number" in normal and sickle bloods.
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"Sofia" controls average about h=17. The physico-chemical effects of the O, deprivation were
shown in the experiments of Hussain [8,9] (King's College Hospital, London), expressed in
large, but irregular increase in h, up to value of about 70. As a result of these experiments
R.B. Whittington named h as the "blood rigidity number". Fig.1 is self-explanatory, showing
the very large values of "h", which are attained in sickle-cell blood, especially when to
abnormalities of cell shape and size are added the rigidity which occurs when the Hbs tend to
form a gel at 37° C.

Critical Rate of Shear
Each speed at the rotational viscometer LS 30 Contraves is designed by a "speed
number”, N, which increases in such a way that a shear rate is given by:

Y= Ye lON/7.5

where y. is a lower limiting shear rate characteristic of the instrument and has the average
value 0.012849 s™* [3] for the standard dimensions of the suspended "bob".

Results and discussion
The results of 21 patients with CVD show that the viscosity is elevated over the whole
range of shear rates in comparison with the control group of 19 healthy subjects. It should be
noted that standard deviations from the mean values of the apparent viscosity reached up to
50% from these values at low shear rates, plasma viscosity is within normal ranges (Table 1).

Table I.
The mean whole blood (n) and plasma (no) viscosity values of the investigated groups and
their standard deviations, determined by LS30 Contraves at 37° C.

M,

v, 571 mPa.s

19 controls 21 patients

H=42.19 + 3.86 % H=4393+42%
0.0237 71.9 +51.45 98.46* + 51.66
0.0596 42.99 + 38.65 53.51* + 26.26
0.1102 32.56 +21.81 44.33* + 27.28
0.512 18.57 + 8.6 25.25** + 8.4
1.285 13.51+5.55 17.95** + 531
5.96 7.77 +2.68 10.18*** + 2.46
11.02 6.44 +1.91 8.34*** + 1.82
20.4 566 +1.38 7.03*** + 1.51
51.2 472 +£0.93 5.65*** + 0.92
945 425 +0.74 4.98*** + 0.76
Mo 1.33 =+ 0.05 mPa.s 1.32 + 0.04 mPa.s

*p<0.3 **) <002  ***p<0.006

The mean values of biochemical parameters in patients with CVD are as follows:
hematocrit - 42.19+4.2%; fibrinogen - 2.895+0.52g/l; cholesterol - 6.29+1.84mmol/I;
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triglycerides - 1.13+0.71; total protein - 72.1948.9 g/l. They show no significant differences

in comparison to controls.

In seeking the diagnostic test we assume that the parabolic curve divides the XY
plane into two major regions:

() PATHOLOGICAL to the left of and above the curve. Curve less than experiment, error
negative;
(b) Normal to the right of and below the control line.

A certain "scatter" must be allowed for in both curves, with points slightly to the right
of the parabola requiring careful scrutiny (+ve errors).

As shown on the Figure 2 (the X,Y plane), the patients' curve and the controls’ line
touch where the slope of the patients' curve equals 1.25. The patients' curve is for 21 cases,
one of which, No.11, may require confirmation of the diagnosis.

A useful equation for a constant positive Y for patients is:

Y =1/2 aX?* + bX +c, (2)

where a=0.175; b=-6.59; c=183
and for the control line is:

4Y =5X + 30. (3)

A basic difference between the curves is that in the patients' curve, the second
derivative Y" is always positive: (Y'=aX+b; Y"=a), whereas in the control line, Y" is always
zero: (Y'=5; Y"=0). Neither the patient nor the control line are explicit, but, it is clear that the
first derivatives will equalise between Y = 60 to 65.

Average of all AY (excluding No.11) = 0.166+0.43; 3/0.166 = 18.07 . Thus the

Y versus X
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Fig. 2. Patients' curve and the control line in the X,Y plane ; [1 - measured points from patients with CVD, o -
measured points from healthy donors.
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deviation of No.11 Y+ is more about than eighteen times average AY+. Since there is
inevitable "scatter”, the area between curve and line is of doubtful meaning.

The curve is very steep as we approach patient 10; therefore the error in Y becomes
very large. The error in X is only about -2.

Patients with negative errors (experiment greater than curve) must be regarded as
pathological; and such patients with negative errors, as -4.18 (No0.10) and as -5.7 (No.14)
belong to the pathological region.

17.54

15 1 1 1 1 ] 1
1.225 1.275 1.325 1.375
eta0

Fig. 3. h = Y-X = Rigidity number as a function of plasma viscosity (n,).
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TABLE II.
Absolute values of the formula error in Y = A Y of the twenty one patients.
No. 1 2 3 4 5 6 7 8 9 10 11
Yexp 59.9 62.69 58.18 63.63 6893 6131 6454 59.56 63.81 72.78 61.14
Yform. 59.96 64.47 5896 63.69 67.97 59.61 62.61 6027 6141 68.60 64.14
Xexp. 4110 4562 36.95 45.04 4783 4047 4415 4158 4299 48.18 45.38
error +0.06 +1.78 +0.78 +0.06 -096 -1.70 -1.93 +0.71 -240 -4.18 +3.00
No. 12 13 14 15 16 17 18 19 20 21
Yexp. 66.88 65.34 69.02 6866 66.55 6649 61.20 60.88 62.03 63.11
Yform. 6566 6424 6398 6764 6311 6575 60.79 5953 61.18 60.93
Xexp. 46.44 4546 4526 47.64 4458 4649 4228 403 4274 4245
error -121 -11 -57 -102 -344 -074 -041 -136 -085 -2.18
TABLE III.
X,Y -values of the nineteen controls
No. 1 2 3 4 5 6 7 8 9
Yexp. 425  46.0 425 4715 520 773 585 59.4 615
Xexp. 28.0 30.5 27.9 31.6 35.6 51.8 417 42.0 432
No. 10 11 12 13 14 15 16 17 18 19
Yexp. 541 609 59.9 61.2 38.1 49.6 65.3 66.7 574 5751
Xexp. 39.1 452 436 42.1 223 344 46.3 485 40.8 41.33
y=arb sirf(2nx/cHc) [Sine’]
30
h
27.54
251
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We turn to analyse a different pair of variables h-no. An unsuspected periodicity of
this arrangement of the patients’ points was found. The Figure 3 (h,no plane) gives the answer
for the kind of this function - squared sine function:

h=a+bsin?(2x ne/d + c) (4)

with coefficients: a = 18.5; b = 3.73; ¢ = 3.79 and d = 0.139 ( residuals r* = 0.349;
FitStdErr.=2.028, Fstat = 3.038). Patients with large negative errors (Table 1) as -4.18
(No.10), -5.7(No.14) and No.11 (3.00) is shown to be out of the group of this periodic
arrangement of the points.

Figure 4 (h versus blood cholesterol) throws a different light upon the significance of
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Fig. 4. Three ranges of alteration of h with cholesterol concentrations for cerebrovascular disease.
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Fig. 5. The relationship between blood cholesterol and triglycerides for the 21 patients.
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3 4 5 6 7 8 9 10 11
Chalesterol, mmol/l

Fig. 6. The regression line presents the effect of cholesterol on X for the 21 patients.

h and suggests three ranges of its alteration with blood cholesterol concentrations. The first
range (4+6 mmol/l) in which h is about the mean value for the patients’ group (h=20.29). The
second concentration range (about 6 to 8 mmol/l) in which h increases rapidly from about 17
to about 27.01 with small changes in cholesterol level, i.e. the rigidity increases rapidly by
about 50 %. The third concentration range (h > 6 mmol/l) in which h is about 18. The patient
No.11 has the lowest h values in the second concentration range. The information which we
have available proposes that there are other biochemical contributions of blood-cholesterol to
the purely physical picture which we are building up with our viscometers.

The biochemical observations on CVD patients show that cholesterol-total glycerides
relations could be defined by the formula: Chol = constant . (Trg)"*, illustrated in Fig.5.
Figure 5 shows that Cholesterol abnormalities may account for the values with positive errors
(of No.2, No. 8 and No.11 - Table II). The biochemical test is verifying the fact, that in the
patients there is some kind of equilibrium between cholesterol and total glycerides. The
relation between X and Cholesterol shows, that, on the whole, X decreases with Cholesterol.
This implies that on the whole the bad effect of Cholesterol is to reduce increase in Non-
Newtonian relaxation (Fig.6).

It is well known that blood and plasma viscosity are strongly dependent on hematocrit
and on the plasma levels of fibrinogen, cholesterol and triglycerides [12]. These plasma
constituents seem to correlate independently with plasma viscosity. So Jung et al. [10]
reported the leading influence of fibrinogen in determining plasma viscosity. Independent
influence of elevated blood triglycerides on plasma viscosity over a broad range of shear rates
after adjusting for fibrinogen was shown by Rosenson [14] . For blood viscosity the influence
of fibrinogen predominated over lipoproteins. D. Eterovic et al. [7] found that expressed in
standardised residuals the effect of cholesterol was about three times greater compared to
fibrinogen and triglycerides. In their study the leading influence of cholesterol on plasma
viscosity was delineated. Our data also confirm the effect of cholesterol on the blood viscous
properties. The importance of this finding increases even more, since the role of cholesterol as
risk marker for CVD is less well defined in comparison to other stroke risk factors.

The rheological and lipid parameters, determinants of whole blood and plasma
viscosity have been studied as risk factors for CVD. Prospective epidemiological
investigations indicate plasma fibrinogen as independent predictor of myocardial infarction
and stroke [15]. A number of case controlled epidemiological studies has shown no
significant relation of total plasma cholesterol to the risk of stroke [13]. However a
contemporary overview of 10 prospective trials on the relationship between plasma
cholesterol values above 5.7 mmol/l and the risk of CVD showed a cumulative risk of 1.31,
which is statistically significant [13]. A recent study on the influence of total cholesterol on
the risk of CVD revealed a non-linear relationship with significant increase of the stroke risk
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only for the cholesterol values above 8 mmol/l [21]. The data on the link between
triglycerides and CVD are also controversial.

Conclusion

The results of 21 patients with CVD show that the viscosity is elevated over the whole
range of shear rates in comparison with the control group of 19 healthy subjects. A sensitivity
method, distinguishing very slightly disturbed bloods from the normal ones was searched. The
larger number of patients diagnosed as being positive for cerebrovascular disease were
confirmed by a criterion, including viscosity and rigidity number h. In XY domain two
distinct curves - patients' and controls' result. A much more complicated relationship between
"Blood rigidity number h" and plasma viscosity of periodic kind was found.

To the purely physical picture build up with our viscometers other biochemical
contributions - of blood cholesterol and triglycerides - were added. A concentration range of
blood cholesterol was proposed in which "Blood rigidity number h™ increases rapidly with
small changes of cholesterol.
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XapakTepucTHYeCKHe MapaMeTPhbl, MOJy4eHHbIe ¢ TOMOIILI0 BHCKO3HMETPHH LeJIbHOT
KPOBH NPHU LepPedpaibHOCOCYAMCTHIX 32001eBaHUSAX

H.Anrtonosa, N.Benuesa (Codust, bonrapus)

Bbutn mpoBenieHbl SKCTIEPUMEHTAIBHBIE UCCIIEOBAaHMS BSA3KUX CBOWMCTB KpoBU y 19
300pOBBIX U 21 OOJBHBIX MAIMEHTOB C LEPeOpPaTbHOCOCYAMCTHIME 3a0oieBaHusMU. Jis
3TOr0 TPUMEHSUTUCh KaIMJUIAPHBIE BHCKO3MMETPHl W BUCKO3UMETPHl C BpAIIAIOUINMCS
UJIMHAPOM. B HCCleI0BaHUU UCIIONIB30BAJICS MapaMeTp jKECTKOCTH N, KOTOpbIi BKIHOUaeT
aOCOIOTHYIO ¥ OTHOCHUTEJIBHYIO BA3KOCTh KPOBH, a TAaKXKe BSI3KOCTH IIa3Mbl. DKCIIEPUMEHTHI
MOKa3aJH, YTO y OONBHBIX MAIMEHTOB HAOIIOAAETCS TOBBIIICHHE BSI3KOCTH KPOBU BO BCEM
aManazoHe cKopocted cnaBura. IIpuMeHeHMe MeToJa YYBCTBHUTEIBHOCTH IIO3BOJISIET
JIMarHOCTUPOBATh OYCHb Maible M3MEHEHHs BA3KOCTH KpoBHW. HaiineHo Taxke BechbMa
CIIO’)KHOE COOTHOIIIEHHE MEX]y MapaMeTPOM KECTKOCTH U BSI3KOCTHIO IIa3Mbl. OTMeuaeTcs,
YTO BSA3KOCTH KPOBH M TapaMeTp KECTKOCTH KPOBU SBISIOTCS BEChbMa MOJE3HBIMU
KPUTEPHUSIMH JJIs1 OLIEHKH 11epeOpaIbHOCOCYIUCTRIX 3a0oneBanuii. buom. 21.

KitoueBbie cioBa: BSI3KOCTh KPOBH, BSI3KOCTh IUIa3Mbl, MapaMeTp MKECTKOCTU KpOBH,
1epedpabHOCOCYINCThIE 3a00JIeBaHUS
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