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Abstract: The study aims to analyze the experimental haemorheological data with mathematical models and to analyze the 

interrelationship between the rheological parameters of the blood and blood rheology determinants. The study aims to develop this 

experimental basis of prognostic mathematical and hemorheological models for the interrelationship between the set of parameters. Two 

known models are used to describe the non-Newtonian rheological properties of blood – the shear stresses - shear rate dependences. The 

parameters of the simplest models - the power law and the Herschel-Bulkley law were used to analyse the differences between the 

hemorheological characteristics of blood from healthy individuals and a group of patients with diabetes mellitus type 2 (T2DM).  The 

experimental data are statistically processed using the Mann-Whitney U-test for intergroup comparison of independent variables, as well as 

t-test.  The Statistica program was used for statistical processing. 
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1. Introduction 

Blood is a non-Newtonian fluid and under flow exhibits shear-

thinning, viscoelastic and thixotropic behaviour. The complex 

rheology of blood and hemorheological parameters as shear stresses 

and blood viscosity are influenced by numerous factors including 

plasma viscosity, rate of shear, hematocrit, level of erythrocytes 

aggregation and deformability [1-7]. 

The rheological properties of blood play an important role in 

blood circulation under normal conditions, and the hemorheological 

changes can cause circulatory disorders, especially in the 

microcirculatory system [1-4]. The assessment of the nature and 

degree of rheological disorders of the blood in various diseases is 

essential for clarifying the pathogenesis of the morphological and 

biochemical changes occurring in them and for the application of 

rational therapy [6-10].  
Newtonian fluids are, from a microscopic point of view, 

continuous, homogeneous and isotropic media. Their viscosity η is 

intrinsically linked to the fluid constitution but not to the type of 

flow, it is possible to determine its value under accurate 

experimental conditions using different types of viscometric flows 

as a Poiseuille flow in the capillary viscometer and a Couette flow 

in the rotational viscometer with coaxial cylinders. In the case of a 

Newtonian fluid, whose viscosity is not a function of the shear rate, 

the relationship between the flow rate and the pressure gradient, 

ΔP/L, is given by the Hagen–Poiseuille equation (1): 

 

ɳ = (π.a4/8Q)/(ΔP/L)     (1) 

 

where Q is the corresponding flow rate, ΔP is the pressure drop, a is 

the capillary radius and L is the capillary length. 

      The following rheological equation (2) is the example of 

equation describing the behaviour of blood in shear flow : 

 

τ =η ( ).        (2) 

 

Once the rheological data of a fluid are available, one is then 

able to develop predictive relationships for the laminar flow of 

fluids in many different physical situations. These predictions can 

be developed analytically in many cases, but almost any flow 

situation can be handled with computer simulation programs. 

The microrheological properties of blood cells and their 

micromechanics are realized in the microvascular flow, where the 

fundamental metabolic processes between flowing blood and tissue 

cells occure, i.e., where the transport function of the cardiovascular 

system is realized and the transcapillary metabolism is provided, 

creating the necessary for the normal functioning of the body tissue 

homeostasis [1-6]. 

The relevance of the research is also determined by the fact that 

the mechanisms of development of pathological changes in tissue 

perfusion in diseases such as type 2 diabetes mellitus (T2DM), 

cerebrovascular and peripheral vascular diseases are related to the 

fundamental processes of blood flow, cell microrheology and 

intravascular hemocoagulation. Accumulated in the latter years’ 

facts and knowledge on these issues allow for the creation of 

conceptual models that have predictive potential. 

 

2. Materials and Methods 

2.1. Subjects 

The study included 13 patients (9 women and 4 males, 

mean age 66,92 ± 11,10 years) with type 2 diabetes mellitus T2DM, 

with mean duration of diabetes the disease 12,33 ± 5,3 years and 9 

healthy controls (8 women and 1 male, mean age 52,3 ± 9,4 years). 

The diagnosis of Diabetes mellitus type 2 T2DM was based on 

clinical examination and estimation of blood glucose, insulin and 

HbA1C.  The clinical examinations of the patients were performed 

in the University Hospital of Neurology and Psychiatry “St. Naum”, 

Medical University in Sofia, Bulgaria. Blood samples were 

collected in Li heparin tubes and rheological measurements were 

completed within 3 hours after the blood sample withdrawal. Both 

groups gave voluntary informed consent to participate in the study. 

The study was carried out in compliance with the 

requirements of the Helsinki Declaration; preliminary informed 

consent of the experiment participants was obtained following the 

recommendations. 

  

2.2. Methods 

 Statistical analyses were performed using the scientific 

graphing and data analysis software packages SigmaPlot 11.0 

(Systat Software Inc., 2008) и Origin 6.1 (OriginLab Corporation, 

2009). The data were presented as mean ± standard deviation (SD). 

According to normality of the data distribution (Shapiro-Wilk’s W 

test) the significance of inter-group differences was evaluated by 

using the Student’s t-test and Mann-Whitney U test.   Pearson 

correlation coefficient was used to evaluate the relationship between 

the whole blood viscosity and the hemorheological and the 

microrheological parameters). A p value less than 0.05 was 

considered as statistically significant. 

2.2.1. Rheological measurements 

A rotational viscometer Contraves LS30 (Switzerland) with MS 1/1 

standard measurement system was used to investigate the 

rheological properties of blood. Whole blood viscosity (ɳ) was 
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examined under conditions of a steady blood flow at 12 shear rates 

from 0,0237 s-1 to 94,5 s-1 at 37 °C.  

 2.2.2. Equations 

The analysis of the relationship shear stress–shear rates under 

steady flow was done by means of non-linear regression applying 

the model of Ostwald–de Waele or the power law: 

τ= k. n        (3) 

where τ is shear stress,  is shear rate, k and n are its parameters;  

as well as by the Herschel–Bulkley law: 

τ = τ0+ b. m       (4) 

where τ is shear stress,   is shear rate, τ0 is the yield shear stress, b 

and m are parameters. The parameters of Eq. 3 and Eq. 4 were 

determined from the experimental data for T2DM patients and for 

the controls (Table 1). The use of low shear rate viscometry and a 

Herschel–Bulkley equation provides a yield shear stress that has a 

defined unites and is known to reflect RBC aggregation. 

 

3. Results  

Effect of shear rate on blood viscosity 

 

A group of 13 patients with diabetes mellitus type 2 

(T2DM) with a mean age of 66,92 ± 11,10 years was studied by 

means of a rotational Contraves Low Shear 30 viscometer and the 

results were compared with a control group of 9 healthy subjects 

with a mean age 52,3 ± 9,4 years. It was found that the mean whole 

blood viscosity values of the investigated T2DM patients’ group  

were elevated compared to that of healthy persons  

over the whole shear rate range and fell by more than ten 

orders of magnitude (Fig.1). The coefficients of the models of 

Ostwald-de-Waele (power law) and Herschel–Bulkley law, which 

describe whole blood flow curves (τ - γ) within the range of shear 

rates from 10-2 s-1 to 102 s-1 and itself incorporate whole blood 

viscosity data in the entire shear rate range. A significant difference 

in the mean yield shear stress τ0 values of the T2DM patients’ group 

compared to the controls was found. 

 

Fig.1. Whole blood viscosity-shear rate dependence in a group of patients 

with type 2 diabetes mellitus (n = 13) and the control group (n=9), LS 30 
Contraves, T = 37°C. (*** p< 0.001 at γ=0,0237 s-1 and ** p< 0.01 at 

γ=0,0596 s-1, γ=0,1102 s-1 and γ=0,28 s-1 

 

Power law model 
Table 1: Mean values and standard deviations of the coefficients of the 

power law and of the Herschel–Bulkley law in T2DM patients’ group and in 
controls, compared with a non-parametric Mann-Witney test 

Ostwald-de-Waele or power law (Eq. 5) 

 T2DM Controls 

k [mPa.sn] 16.83±7.04 13.55±4.53 

n 0.74±0.05* 0.77 ±0.03 

Hershchel-Bulkley law (Eq. 6) 

τ0 [mPa] 4.84±1.51*** 2.51±0.97 

b [mPa.sn] 14.79±6.59 12.88±5.02 

m 0.77±0.05 0.78±0.06 

k is the flow consistency index [mPa·s], n is the flow behaviour index 
(dimensionless) between 0 and 1 in Eq.3; the parameters of the Herschel–

Bulkley law (Eq. 4) are τ0 – the yield shear stress [mPa], b is is the flow 

consistency index [mPa·s], m is the flow behaviour index (dimensionless) 
between 0 and 1 in Eq. 4. * p < 0.05 (ns), *** p < 0.001 

= k m

 [s-1]

0 20 40 60 80 100


 [m

P
a]

1

10

100

1000

interpolation with  Power-low

 experimental data

95% Confidence interval

95% Prediction interval

.

.

Fig.2. Interpolation of the experimental data obtained for the shear stress-

shear rate (τ- ) dependence by the Power low in a patient with T2DM, Low 

Shear 30 Contraves, T=370C. 

 Increased mean values for consistency coefficient (k) were 

observed in the T2DM group compared to the control group, 

although no statistically significant difference was found. The mean 

values of the flow index (m) were statistically significantly 

increased (p < 0.05) in the control group of healthy individuals 

compared to the diabetic group. This increase is represented 

graphically in Fig. 3, by means of a "box-plot" type diagram (Box-

plot diagram, Vertical Box-plot). 

The diagram in Fig. 3, presents the distribution of the 

obtained values in both studied groups. Shown is the sample median 

(straight horizontal black line), confidence interval (25%–75%, 

“boxed” values), and minimum and maximum value obtained 

(errors). 
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Fig.3. Box-plot diagram for the distribution of flow consistency index values 
(m) obtained from the Power-law model in the two studied groups  

From the graph presented in Fig. 3, an asymmetry in the 

distribution of values is observed. A clustering of frequencies 

(repeating values) is seen in the higher parts of the median. It is 

known that the Power-law model does not describe the flow limit 

(τ0). One of the disadvantages of the Power-law model is that it 

does not describe with sufficient accuracy the viscosity of non-

Newtonian fluids in regions with very low and very high strain 

rates. Since m is usually less than unity, the viscosity (η) tends to 

infinity at very low shear rates and is practically constant at high 

rates, which is also confirmed experimentally (see Fig.1). 

 

Herschel-Bulkley model 

Since whole blood exhibits non-Newtonian pseudoplastic 

fluid behavior, i.e., it does not flow at very low tangential (shear) 
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stress is applied. The tangential stress must exceed a critical value 

known as the flow threshold for blood to flow [7-11]. 

The Herschel-Bulkley model extends the Power-law model, 

describing the dependence of the tangential stress (τ) on the strain 

rate ( ) and the yield shear stress (τ0), again introducing the 

parameters k and m (presented in Table 1). 

The data were obtained by a high-accuracy approximation 

(R>0.999) of the experimental data obtained for the dependence of 

the tangential stress on the strain rate by applying the Herschel-

Bulkley constitutive equation (Fig. 4). Increased mean values for 

consistency coefficient (k) were observed in the T2DM patients’ 

group compared to the control group, although no statistically 

significant difference was found. For the flow index, lower values 

were found for the patient group compared to the control group. A 

statistically significant increase in mean flow index values (m) was 

not observed in either group. The mean values for the yield shear 

stress (τ0) were increased significantly (p<0.001) in the T2DM 

group compared to the control group. 

0 + k*m
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Fig.4. Interpolation of the experimental data obtained for the shear 

stress-shear rate (τ- ) dependence by the Hershel-Bulkley law in a patient 

with T2DM, Low Shear 30 Contraves, T=370C. 

The data were obtained by a high-accuracy approximation 

(R>0.999) of the experimental data obtained for the dependence of 

the shear stress on the shear rate by applying the constitutive 

equation of the yield shear stress (τ0) and for both groups is 

presented graphically in Fig.5, by means of a "box-plot" diagram, 

visualizing the distribution of the obtained values. The sample 

median (straight black line), confidence interval (25%–75%, boxed 

values), as well as the minimum and maximum value (errors) are 

shown. 
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Fig.5. Box-plot diagram for the distribution of values of the yield 

shear stress (τ0) obtained from the Herschel-Bulkley model in the 

two studied groups. 

 

From the graph in Fig. 5 an asymmetry in the distribution of 

values, as an accumulation of frequencies (repeating values) is 

found in the lower parts of the median.  

Since the Herschel-Bulkley model is suitable for describing 

non-Newtonian viscosity under shear-thinning non-Newtonian 

rheological behavior of the liquid and also reflects the yield shear 

stress, it is preferable for describing the rheological behavior of 

blood. 

 

4. Conclusion  

 
Two known models - the power law and the Herschel-

Bulkley law were used to analyse the differences between the 

hemorheological characteristics of blood from healthy individuals 

and a group of patients with diabetes mellitus type 2 (T2DM). Their 

parameters, obtained based on the experimental data were analysed 

for the ability and accuracy for describing the non-Newtonian 

viscosity shear-thinning rheological behavior of the investigated 

groups. 
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