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Abstract. In this work, we accurately modelled the influence of shear rate and radiation on the
blood viscosity. Blood samples of 50 albino rats were examined under different doses (0.50-6 Gy) at
constant temperature 37 °C. The mechanism of interaction between radiation and blood are not very
clear. The influence of X-rays on blood viscosity at different shear rates (52.8-264 s™') is noticed for
all doses. The viscosity reduction is observed for radiation doses greater than 3.50 Gy. This could be
explained by the fact that the irradiated red blood cells form chains (i.e., rouleaux) which enable
the cells to move through the blood in a more streamlined fashion, thus reducing the blood viscosity.
Also, the radiation may increase plasma protein concentration, which reduces the viscosity of the
blood. In conclusion, the changes in blood viscosity are altered by radiation and this effect can be
used as an indicator in understanding the effects of radiation during the whole-body exposure.
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INTRODUCTION

The blood is a concentrated suspension of cellular elements including red blood
cells (RBCs or erythrocytes), white blood cells (WBCs or leukocytes) and platelets
(thrombocytes). The presence of RBCs, WBCs, plasma proteins, chylomicrons,
electrolytes, and water changes the internal frictional forces of the blood and,
consequently, affect the blood viscosity [29, 37]. It is very important to mention
that its viscosity depends on shear rate to which the blood is subjected [13, 39]. At
low shear rate, the blood viscosity significantly increases, whereas, at high shear
rate, the blood behaves almost as a Newtonian liquid and its viscosity only slightly
drops with increasing shear rate [39]. The predominant cause of increasing viscosity
when lowering shear rate is the occurrence of RBC aggregation [3].
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The RBCs in whole blood have been observed to aggregate into characteristic
structures [10, 27, 26]. The aggregation process appears to be strongly correlated
with the presence of the plasma proteins [11]. Normally, in a healthy body, when
shear rate increases, all RBC aggregates are dispersed and RBC deformability becomes
an important factor determining blood viscosity [3, 10, 11, 13]. Factors that influence
blood viscosity are shear rate, hematocrit, total plasma protein, RBC aggregation, and
erythrocyte deformability [4, 19, 30, 36, 38]. Other important determinants of
blood viscosity are temperature and concentration of macromolecules in the sus-
pending medium, [3, 13, 31]. It is generally accepted that, at constant hematocrit
and temperature, low shear viscosity is primarily determined by RBC aggregation,
while at high shear viscosity, it is dependent on RBC deformability [3, 9, 12, 21,
22,28, 33].

Change in RBC rheological properties is often associated with hematological
diseases or disorders and, therefore, the blood viscosity has been used in the past as
an indicator in the understanding and treatment of diseases [17]. The dependence
of blood viscosity on the shear rate shows that blood behaves as a non-Newtonian
fluid at lower shear rates [8, 18, 25].

The study of the effects of radiation on the rheological properties of blood
reveals important information about the interaction of radiation with biological
cells. This information is useful in the determination of the degree of radiation
damage, and can help to find a correlation between the dose and the radiation
effects [33]. Also, the determination of the reasons for changes in blood viscosity
can be used to find the suitable radioprotectors and the convenient therapy for
many cases of radiation exposure. To obtain reliable and consistent information, an
appropriate rheological model should be applied [23]. In the literature, there are
different empirical/semi-empirical equations describing the viscosity-shear rate
dependence [3, 10, 17, 21]. In the present paper, we have chosen two models,
namely, the power law (PL) model and the Modified Cross (MC) model to explain
the blood flow behavior [9, 28, 37].

MATERIALS AND METHODS

The experiments were carried out with a total of 50 adult albino rats weighing
150 g on average. The rats are divided into two main groups: 6 non-irradiated rats
used as a control and 11 subgroups each of 4 rats. They were confined in a
rectangular plastic box and exposed to X-rays delivered by a clinical therapeutic
linear accelerator facility (6 MV) at the Faculty of Medicine of Alexandria, Egypt.
The rats were whole-body exposed to the following doses of irradiation: 0.50, 1.50,
2.00, 2.50, 3.00, 3.50, 4.00, 4.50, 5.00, 5.50 and 6.00 Gy, respectively. All the rats
were dissected at 10 days after irradiation. The blood samples were withdrawn
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from the left ventricle of the heart using heparinized needles. Whole blood
viscosity and shear stress were measured immediately after withdrawal from the
heart, to avoid any aggregation or RBC rouleaux formation. The applied shear rate
was 52.8 s t0 264 5.

The measurements were carried out at a constant temperature of 37 °C in a
low shear rotational viscometer (Model DV-II+Pro Viscometer, BROOKFIELD,
USA). Practically, the low shear region can be characterized by the consistency
index (low shear viscosity) and flow index. They can be calculated from the power
law fit of the range of the flow curve. The relationship between the blood
viscosity and the shear rate which is considered to describe a non-Newtonian
fluid is given by the power law. In our results, the flow behavior of the blood
could be well represented by either the PL. model or the MC model. Our data were
fitted to the PL model:

n =k (1)

where 1 is the dynamic viscosity, y the shear rate, k is the consistency index (i.e. a
measure of the consistency of the fluid). The constant m, (i.e., rheological flow
index) is a measure of the degree of non-Newtonian behavior. The rheological flow
index values are almost unaffected by the RBC concentration. Different models
have been proposed to explain the blood flow viscosity. Our data were also fitted to
the MC model to estimate zero shear rate viscosity (n") and critical shear stress (t°)

[7, 15]:
o
1+(ynoj (2)
T

where n represents the shear rate sensitivity, 0 <n < 1.

n:

RESULTS AND DISCUSSION

Blood is a non-Newtonian fluid, its viscosity depending on the shear rate. At
low shear rate, its viscosity steeply increases primarily because of RBC aggregate
to form rouleaux. At high shear rates blood viscosity converges to a limit partially
influenced by RBC deformability. Thus, disaggregation and deformation both
contribute to blood viscosity decrease [34, 40].

Two plots (Fig. 1(a, b)) represent the comparison of blood viscosity for non-
irradiated and irradiated rats. Both figures show blood viscosity as a function of
shear rate (52.8 s' to 264 s ') at constant temperature 37 °C for different dose
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intervals: (0.50-3.00 Gy) and (3.50-6.00 Gy), respectively. At low shear rates, the
viscosity is highly determined by RBC aggregation, then it decreases with
increasing shear rates due to RBC deformability [3, 9, 12]. Both figures exhibit
separated viscosity curves for non-irradiated and irradiated rat groups. In Fig. 1(a),
the curves of blood viscosity for irradiated samples are slightly lower than those of
the non-irradiated samples. There are little systematic (consistent) separations
between the curves for non-irradiated and irradiated samples. In Fig. 1(b), there is
a wide separation between curves of viscosities for non-irradiated and irradiated
samples. According to our experimental data, one can suggest that a viscosity
reduction may be attributed to the mean corpuscular hemoglobin concentration
which decreases significantly with dose, and to damage of the cell membrane
[32, 33].

The X-ray irradiation increases the plasma protein concentration, which
reduces the viscosity of RBC. The reduction in blood viscosity may be attributed to
the radiation-induced decrease of protein levels in the blood [24]. After irradiation,
the RBC had been approached together forming contiguous chains. This means that
the X-ray irradiation had reduced the adhesion between RBCs. It may cause a
mechanical change in the blood because weaker bonds are formed if a hydrogen
atom in one molecule is attracted to an atom of nitrogen, oxygen, or fluorine in
another molecule [14, 20]. The X-ray irradiation of RBC showed a loss of sodium/
potassium ion balance with entry of sodium ions into the erythrocytes and exit of
potassium ions. This phenomenon was due in part to discontinuation of membrane
integrity [5]. Radiation-induced changes in the properties of cell membranes result
in the loss of ability to regulate electrolyte balance and changes in permeability for
RBC [1, 6, 35]. The decrease in blood viscosity might be attributed to changes in
protein molecular weight, protein structure, and pH sensitivity [1, 2].

Viscosity of blood at 37° C for several doses
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Fig. 1(a). Blood viscosity at 37 °C as a function of the shear rate for different doses: 0.50-3.00 Gy.
It shows a small difference between non-irradiated and irradiated rats.
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Fig. 1(b). Blood viscosity at 37 °C as a function of shear rate for different doses: 3.50-6.00 Gy.
It shows a difference between the curves for non-irradiated and irradiated rats.

In this paper, practically, the low shear region can be characterized by the
consistency index (k) and the rheological flow index (m), which can be calculated
from the power law fitting of the data of the flow curve. In Table 1, the first column
represents several different doses. The 2™ and 3™ columns represent consistency
index and rheological flow index. The 4™ column represents the aggregation index
(the ratio of the viscosities in two regions of shear rates: 20 s ' and 100 s ') that can
be regarded as a quantitative characteristic of RBCs [16]. The results of this study
indicate that after the RBC exposure to X rays, the viscosities, consistency, and
aggregation are decreased as compared with the non-irradiated samples. The value
of the flow index remains below unity for the entire dose interval, indicating the
non-Newtonian behavior of the blood.

Table 1
Power law parameters: consistency index (k), constant flow index (m), and aggregation index
(ratio of viscosities at low — 20 s', and high — 100 s™' shear rates). Each value represents
groups (mean = SD) for non-irradiated and irradiated rats

Dose (Gy) k (Pa-s) m Aggregation index
0.0 0.28+0.01 0.67+0.01 1.71£0.01
0.50 0.25+0.01 0.67+0.01 1.69+0.01
1.50 0.27+0.01 0.65+0.01 1.75+0.01
2.00 0.18+0.01 0.72+0.02 1.56+.02
2.50 0.22+0.01 0.68+0.01 1.67+0.02
3.00 0.17+0.01 0.74+0.01 1.53+0.02
3.50 0.13+0.01 0.77+0.02 1.45+0.02
4.00 0.14+0.02 0.73+0.02 1.55+0.03
4.50 0.16+0.03; 0.70+0.04 1.62+0.05
5.00 0.12+0.02 0.77+0.03 1.46+0.03
5.50 0.19+0.02 0.69+0.02 1.64+0.03
6.00 0.16+0.01 0.71£0.02 1.61+0.02
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To study and monitor the effects of radiation one needs a series of analyses to
explore the different damaging events that may occur. In Fig. 2, the blood viscosity
at both shear rates, 20 and 100 s, as a function of different doses (0.50-6.00 Gy)
is presented. The flow curve is characterized by two regions: in the low shear rate
(<100 s ") and high shear rate (> 100 s™") up to the shear rate (264 s™') in which the
blood is characterized as a Newtonian fluid. Fig. 2 shows declined curves of blood
viscosity as increasing doses due to the effects of X-ray irradiations. This can help to
find a correlation between the dose and the radiation effects. The blood viscosity
reduction could be explained by the formation of RBC chains due to radiation
which enable thus the cells to move through the blood in a more streamlined
fashion, reducing the blood viscosity. The irradiation also may increase the protein
concentration, which reduces the viscosity.
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Fig. 2. Blood viscosity at both shear rates (20 s and 100 s™) as a function of different
doses (0.50—6.00 Gy). Each point is the mean value from 6 non-irradiated
and others each of 4 irradiated rats.
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Fig. 3. Critical shear stress as a function of different doses (0.50—-6.00 Gy). It shows evident reduction
between non-irradiated and irradiated rats. Each point is the mean value from 6 non-irradiated
and other groups of irradiated rats.
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For more analyses, the data of the flow curve are fitted by the MC model to
estimate zero shear rate viscosity (n°) and critical shear stress (t°). The critical
shear stress calculated from the data fitting as function of different doses is
presented in Fig. 3. It shows evident differences between non-irradiated and
irradiated rats. It also shows that the level points for irradiated rats are lowered as
compared to the non-irradiated ones. This indicates that there is a variability of the
rheological properties of irradiated blood samples as function of dose [25].

CONCLUSION

In this report we describe a study of freshly drawn samples of whole blood
harvested from rats which were exposed to different radiation doses of X-rays. The
flow behavior of blood viscosity was influenced by doses of X radiation. The
results indicated that the flow behavior of blood could be well represented by either
the power law model or the modified cross model. The reduction of viscosity in
irradiated rats indicated a decrease by a similar amount, at low doses (0.50-3.00)
Gy, and a gradual drop, at high doses (3.50—6.00) Gy. Both at low and at high
doses, the blood viscosity is reduced. The reduction could be explained by RBC
chain forming due to radiation. RBC can move through the blood in a more
streamlined fashion, thus reducing the blood viscosity. The variability of blood
viscosity as function of dose can help to find a correlation between the dose and the
radiation effects.
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