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Abstract

In different parts of the circulation, blood exhibits the properties of a Newtonian and non-Newtonian fluid.
Changing the shear conditions and the vascular bed geometry can contribute to a greater manifestation of the non-
Newtonian behavior of blood. The latter is combined with a decrease in blood fluidity and its transport potential. The
aim of the study was to estimate the effect of changes in non-Newtonian characteristics of blood on its fluidity and
transport potential in patients with arterial hypertension (AH).

In two groups (group 1 of healthy subjects, n=22 and group 2 of 20 patients with AH) hemorheological profile
parameters were recorded, including blood viscosity (BV) at five increasing shear stresses (SS). At the same SS, the red
blood cell (RBC) elongation index (EI) and their ghosts were determined. The data obtained indicate that the flow of
blood as a viscous liquid can have a non-Newtonian character both under normal conditions and especially in pathology,
for example, in arterial hypertension. The non-Newtonian behavior of blood is very well described by the power-law
fluid model. It can be obtained by registering blood viscosity at several, at least five, shear stresses. It was found that the
most significant characteristic of the change in the degree of non-Newtonian behavior of blood is the index of
consistency, “k” from this equation: y=kx™. It strongly correlated with blood fluidity and its transport potential mostly
in AH patients. In addition, it was found that an increase in the RBC deformation, which is close to a linear type, with a
gradual increase in shear stress in the microchamber, is better predicted by the power-law pseudoplastic fluid model.

Keywords: Blood viscosity, non-Newtonian properties, red blood cell deformability, arterial hypertension

1. Introduction

It follows from the Poiseuille equation that volume blood flow, perfusion of organs and tissues depend
on the blood pressure gradient, vessel radius and blood viscosity [1]. The transport potential of blood is
associated with its fluidity, the value of inverse viscosity (¢p=1/1), which in turn depends not only on such
hemorheological characteristics as: hematocrit (Hct), plasma viscosity, deformability and aggregation of
erythrocytes, but also on shear conditions [2, 3]. As for shear conditions, in a flow with different shear rates,
the blood exhibits non-Newtonian properties, which affects the efficiency of transport [4, 5]. This flow
behavior of blood corresponds to pseudoplastic characterized as power law fluids [6, 7]. Systems of this type
can be described by the rheological equation: y= kx", where y is blood viscosity,
X is shear stress, K is the consistency index and n is the exponent. An increase in these parameters of the
equation points to the increasing of the degree of non-Newtonian behaviour of blood [8]. It is important to
note that this leads to a decrease in the O-transport potential of the blood [2]. On the other hand, with an
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increase in shear stress, the flow deformation of red blood cells (RBCs) can increase [9]. This has a positive
effect on the apparent viscosity of the blood and increases its fluidity [10].

The aim of the study was to estimate the effect of changes in non-Newtonian characteristics of blood on
its fluidity and transport potential in patients with arterial hypertension (AH).

2. Materials and methods
2.1. Patients and study design

From the total mass of the examined volunteers (n=42; aged 35 to 70 years) two groups were formed:
group 1 (n=22) —healthy individuals. In this group, systolic arterial pressure (SAP) averaged 122.0+7.6 mm
Hg, while diastolic arterial pressure (DAP) was 73.3 + 4.9 mm Hg. Group 2 (n=22) — hypertensive patients
with grade 11 AH with a mean blood pressure of 103.7 = 7.1 mm Hg. At the same time, SAP was from 138 to
184 mm Hg, and diastolic one — from 88 to 106 mm Hg. The use of human blood was in accordance with the
Code of Ethics of the World Medical Association (Declaration of Helsinki). The study was approved by the
local ethical committee of the university (protocol No. 6 dated April 20, 2023) and informed consent was
obtained from all study participants. Blood samples were obtained by venipuncture into EDTA vacutainers.
RBCs were separated from plasma by centrifugation (15 min, 3000 rpm), washed three times in isotonic NaCl
solution, and resuspended in Ringer's solution.

2.2. Hemorheological measurements

Hemorheological profile parameters were recorded: blood viscosity (BV) and RBC suspension viscosity
(SV with hematocrit 40%) at five shear stress levels high (0.36, 0.72, 1.08, 1.44 and 1.80 N/m?), together with
plasma viscosity (PV) and hematocrit measurement. Viscosities were measured using a capillary viscometer
at room temperature. The hematocrit index was determined on an EImi SM-70 hematocrit centrifuge (Latvia).
The hemorheological efficiency of oxygen transport was assessed by the ratio of hematocrit/viscosity
(Hct/BV) [2]. To assess the degree of non-Newtonianity of blood and RBC suspension, flow equations were
obtained by plotting blood viscosity data measured at five shear stresses (Fig. 1A). For every individual, a
personal profile of viscous blood flow was built, and an equation was obtained that describes this flow. As
shown in Fig. 1A the equation for the flow of a non-Newtonian fluid of a power-law of the form: y =kx™. The
accuracy of approximation (R?) of the experimental data with this equation is more than 95%. Indicators of
non-Newtonian behaviour of the fluid are k - consistency coefficient and n - exponent, obtained from the
blood flow equation [8].
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Fig. 1. Profiles of non-Newtonian blood flow in healthy subjects (A) and plot of erythrocyte elongation index (EI)
versus shear stress (B)

Red blood cell aggregation was assessed by the Myrenne Aggregometer. The resulting index, termed
«M1» by the manufacturer and «KRBCA» herein, increased with enhanced RBC aggregation. To assess red
blood cell deformability (RBCD), the cell elongation index (EI) was recorded in a flow microchamber [11].
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As well as blood viscosity, RBCD was recorded at the same five shear stress values. (El, Fig. 1B). For amore
accurate analysis of changes in RBC deformability, their recovered ghosts were prepared according to the
Dodge method [12]. RBCs were destroyed by osmotic shock. To do this, 7 ml of chilled distilled water (at
4°C) was added to 1 ml of cells, followed by washing twice in phosphate buffer. Then the ghosts concentrate
was incubated in Ringer's solution with the addition of 30% dextran 150 kDa (the ratio of buffer and dextran
was 7 : 3 by volume) and measured their deformability (RBCgD) in a flow microchamber.

2.4. Statistics and data presentation

Statistical processing included obtaining the mean (M) and standard deviation (SD). The sampling
distribution was tested using the Shapiro—Wilk test. Nonparametric statistics of the program Statistica 10.0
(StatSoft Inc., USA) was used. When conducting paired comparisons of indicators within groups during
repeated measurements, the Wilcoxon test was used. Differences at p < 0.05 and p < 0.01 were taken as
statistically significant. The data correlation hypothesis was tested using Pearson's correlation coefficients.

3. Results
The main parameters of hemorheological profiles of healthy individuals and patients with hypertension
are given in Table. 1. As can be seen, most of the hemorheological characteristics in AH patients were

negatively changed compared to healthy individuals.

Table 1
Parameters of the hemorheological profile in AH patients and healthy individuals (M+ G)

Parameters Group 1 (n=22) Group 2 (n=20)
BVi, mPa.s 4.64+0.42 6.56+1.32%*
BV,, mPa.s 6.30+0.74 7.88+1.79*
BV3, mPa.s 7.48+0.62 8.79+2.00*
BV,4, mPa.s 9.20+1.04 10.63£2.85%*
BVs, mPa.s 18.40+1.18 25.89+7.76%*
PV, mPa.s 2.124+0.15 2.56+£0.15%*
SV, mPa.s 4.18+0.41 5.10+0.48**
Hct, % 43.34+1.30 44.34+5.12
Hct/BV1, units 9.04+0.82 7.14+0.76*
RBCD, units 2.02+0.04 1.87+0.06**
RBCgD, units 1.82+0.04 1.74+0.05*
RBCA, units 11.09+4.12 16.64+4.46**
k, units 7.65+1.30 9.9242.65*
n, units 0.92+0.19 0.94+0.16

Notes: BV1 — BVs — blood viscosity at different shear stress (from 1.80 to 0.36 N/m2; see “Methods”); PV — plasma
viscosity; VS — RBC suspension viscosity (Hct=40%), at high shear stress (1.80 N/m?); Hct/BV; ratio — an index of
blood O,-transport efficiency; RBCD — red blood cell deformability; RBCgD - red blood cell ghost deformability
RBCA - red blood cell aggregation; k —consistency index, as an index of the blood non-Newtonian behaviour, n —
exponent, obtained from the blood flow equation

*p<0.05, vs. group 1; ** p<0.01, vs. group 1.

At the same time, in AH patients, the integral rheological characteristic — blood viscosity was 41%
(p<0.01) higher than in healthy individuals. This is primarily due to the increased PV in group 2, which was
by 21% (p<0.01) more than this parameter in group 1 (Table 1). At the same time, PV correlated more
pronouncedly with BV: and BVs in AH patients (Table 2). The consistency index (k) was also significantly
greater by 30% (p<0.05) in patients with AH, as an indicator of a greater non-Newtonian blood in these
individuals (Table 1, Fig. 2).
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Fig. 2. The difference in the values of the consistency index in healthy individuals (Group 1) and in patients

Correlations Group 1 (n=22) Group 2 (n=20)

1/BV: — RBCD 0.36* 0.52**
1/BV:—- PV —0.38* —0.64**
1/BVy— Hct -0.370* —0.67**
1/BVs-SV —0.42** —0.64**
BVs/BV: — k 0.29 0.59**
BVs/BVi—n 0.99** 0.99**
1/BVi—k -0.80** —0.85**
1/BVi—n -0.22 —0.67**
1/BVs —k —-0.79** —0.82**
1/BVs—n —0.75** —0.90**
Hct/Het — k -0.77** —0.79**
Hct/Hect—n -0.23 —0.340*
The average of the correlation 0.53+0.24 0.70+0.17
value coefficient

Notes: * p<0.05; **p<0.01,;

1/BV1 - blood fluidity at higher shear rate; 1/BVs — blood fluidity at lower shear rate; other
designations as in Table. 1.

In general, the analysis of correlations showed that 1) blood viscosity (or its fluidity) is more closely
correlated with its determining factors in patients with hypertension (Table 2) and 2) indicators of non-
Newtonian behavior of blood (k and n), in patients, are more strongly correlated with blood fluidity (1/BV)
and its transport efficacy (Hct/BV1 ratio), then in healthy individuals. If we compare the average value of all
correlation coefficients of groups 1 and 2, then in patients with AH this value will be significantly higher
(group 1 - 0.53+0.24; group 2 — 0.70+0.17, p=0.04).

4. Discussion

The results of the study showed that in patients with hypertension, there is an increase in blood viscosity,
with a negative change in the factors determining it, which is a typical hemorheological profile alteration [3,
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13, 14]. It was shown that in individuals of both groups, blood is well described as a non-Newtonian
thixotropic fluid of the power-law model [15]. Analysis of the use of several models (non-Newtonian models
such as Bingham, Carreau, Carreau-Yasuda, Casson, modified Casson, Cross, modified Cross, simplified
Cross, Herschel Bulkley etc.) to describe blood flow, both under normal and pathology, indicates that
generalized power-law models were appeared to be superior for solving the blood flow at all shear rates [16-
19]. Although consistency (k) and degree (n) are used to characterize the degree of non-Newtonianity of a
fluid based on the power-law model [8], in our study we obtained a significant difference between the two
comparison groups, only for (k) (Fig. 3).
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Fig. 3. Profiles of non-Newtonian blood flow in healthy persons (A) and in patients with arterial hypertension (B),
represented by the power-law fluid model.

However, both indicators of the non-Newtonian behaviour of blood (k and n) are pronounced and
negatively correlated with blood fluidity and transport efficiency. Moreover, the correlations were stronger in
the group of patients with AH. This may be evidence of a greater negative effect of the non-Newtonian
properties of blood on its O-transport potential.
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Fig. 4. Change in RBC elongation index upon application of increasing shear stress (A), which is well described by a
linear regression equation of the form (B): y =ax + b, at a high experimental data approximation 96% (R? = 0.96).
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The greater degree of non-Newtonian blood requires a higher shear stress for tissue perfusion
[20-22] and, consequently, an increase in blood pressure. With a gradual increase in the shear stress in the
flow microchamber, a close to linear increase in the RBC elongation index is observed (Fig. 4).

Since the RBC elongation index (EI), as ratio L/W, increases linearly with increasing shear stress, the
slope of the regression line in the equation (Fig. 5B) is proportional to the shear modulus of the membrane
[23]. Thus, EI measurements can characterize the shear modulus of the cell membrane [24]. At the same time,
if the experimental data of RBC elongation indices are presented not by a linear equation, but by a power-law
model, then the reliability of the data approximation approaches 100% (Fig.5; R? = 0.99).
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Fig. 5. Comparison of two models describing the change in the RBC elongation index in a flow microchamber with
a gradual increase in the applied shear stress: A - a linear regression model; B — a power regression model (Figures A
and B are the same experimental values EI)

With exponents n<1.0 in the equation, this is the behaviour of a pseudoplastic body [8]. The RBC
ghosts exhibit the same variant of deformation behaviour with an increase in shear stress (Fig. 6).
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Fig. 6. Comparison of two models describing the change in the RBC ghost elongation index in a flow microchamber
with a gradual increase in the applied shear stress: A - a linear regression model; B — a power regression model.

Comparative analysis showed that whole blood in a viscometer and erythrocytes in a flow
microchamber exhibit very similar mechanical behavior when changing shear stress, which is very well
described by the generalized power-law model [17]. At the same time, RBCs are well drawn along the
bloodstream lines, with an increase in shear stress, and thereby contribute to a decrease in the blood apparent
viscosity. This is supported by significant negative correlations between BV and EI (r=-0.56, p<0.01) and
consistency index k and El (r=— 0.54, p<0.01).
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5. Conclusion

The data obtained indicate that the flow of blood as a viscous liquid can have a non-Newtonian character
both under normal conditions and especially in pathology, for example, in arterial hypertension. The non-
Newtonian behavior of blood is very well described by the power-law fluid model. It can be obtained by
registering blood viscosity at several, at least five, shear stresses. It was found that the most significant
characteristic of the change in the degree of non-Newtonian behavior of blood is the index of consistency, “k”
from this equation: y = kx™. It strongly correlated with blood fluidity and its transport potential and to a
greater extent in AH patients. In addition, it was found that an increase in the RBC deformation, which is
close to a linear type, with a gradual increase in shear stress in the microchamber, is better predicted by the
power law pseudoplastic fluid model.
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