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Abstract During the complicated cardiac surgery on a
non-beating heart with cardiopulmonary bypass, pro-
tection of the heart is accomplished by injecting cold
cardioplegic solutions. In most forms of circulatory
shock, it is necessary to immediately restore the cir-
culating volume. Intravenous solutions of volume ex-
panders, such as hydroxyethyl starch and dextrans, are
used to increase the volume of fluid in the circulating
blood. In this work, blood samples of six donors were
obtained and used to prepare mixtures with different
volume expanders in concentrations ranging from 10
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to 50 vol./vol.%. The flow curves of all mixtures in the
temperature range from 4°C to 37°C were constructed
and fitted to the Herschel-Bulkley model, in order to
extract the shear thinning and yield stress parameters.
To assess the influence of the observed changes in the
rheological properties of blood on the hemodynam-
ics in arterial vasculature, a realistic three-dimensional
rigid-wall computational model was constructed from
MRI images of the right carotid bifurcation obtained
in vivo from a healthy male volunteer. The time-
varying flow field was numerically computed using the
Newtonian model as well as the Herschel-Bulkley
model with the Papanastasiou regularization. The nu-
merical simulations indicate only moderate changes in
the time-averaged flow field that become accentuated
when the instantaneous flow field is considered. We
also found that although the influence of temperature,
hematocrit, and volume expanders on hemodynamics
is significant, this can primarily be attributed to the
changes in the nominal viscosity of the flow medium.

Keywords Hemorheology - Blood -
Volume expanders - Herschel-Bulkley model -
Hemodynamics

Introduction

Augmenting cardiac output and organ perfusion by ad-
equate restoration of intravascular volume is of crucial
importance in managing the surgical and the critically
ill intensive care patients. The primary defect in all
forms of circulatory shock is a critical reduction in
blood flow and shear forces, which are associated with
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severe rheological abnormalities. Changes in hemorhe-
ology play an important pathogenetic role and con-
tribute to the further deterioration of the physiological
state. Whole blood viscosity is mainly determined by
hematocrit, whereas plasma viscosity mainly depends
on the concentration of high molecular weight proteins
(Koppensteiner 1996). Decreased hematocrit and loss
of plasma proteins in hemorrhagic shock cause a reduc-
tion in the whole blood and plasma viscosities. There-
fore, the primary goal of volume replacement therapy
is to ensure stable hemodynamic conditions by rapid
restoration of circulating plasma volume. This can be
accomplished effectively by maintaining colloid oncotic
pressure with intravenous infusions of colloid solutions.

Among common non-protein colloid solutions used
as plasma substitutes are dextran and hydroxyethyl
starch solutions. Most colloid solutions are presented
with colloid molecules dissolved in isotonic saline,
whereby colloid molecular size can be highly variable.
Dextran is a mixture of glucose polymers of various
sizes and molecular weights, which are neutral and
water-soluble. The colloid oncotic power of dextran
solutions is very high, due to a high water-binding ca-
pacity. Hydroxyethyl starches (HES) are derived from
chemically modified amylopectin. They are therefore
branched polysaccharides closely resembling glycogen,
which are substituted with hydroxyethyl groups at car-
bons 2,3, and 6 of the glucose subunits. It is important
to note that the extent and duration of plasma volume
expansion (PVE), as well as their effects on blood rhe-
ology, the coagulation system, and other likely clinical
variables, depend on the preparation of the HES, as
the achieved physicochemical properties may be quite
different. In addition, HES have high water-binding ca-
pacity in the same range as dextran solutions (Grocott
et al. 2005).

The predominant effect of colloid solutions on blood
rheology is to reduce whole blood viscosity by hemodi-
lution, thus reducing the frictional energy losses due to
the flow of blood in the vasculature and easing cardiac
load. The magnitude of this effect is proportional to the
degree of PVE and is larger initially for the lower mole-
cular weights dextrans and HES. Both types of semisyn-
thetic colloid solutions influence also plasma viscosity
and red blood cell aggregation, and this contributes
to their overall effects on blood rheology. The higher
molecular weight dextrans and HES (such as dextran 70
and HES 200/0.5) cause an increase in plasma viscosity.
This effect is smaller in magnitude than the dilutional
decrease in whole blood viscosity. The lower molecular
weight dextrans and HES (such as dextran 40 and HES
130/0.6) tend to cause reduced red blood cell (RBC) ag-
gregation and plasma viscosity, thus further enhancing
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dilutional hypoviscosity which results in increased flow,
particularly in the venous system (Neff et al. 2005).

Blood viscosity mediates the relationship between
blood pressure gradients and blood flow. The veloc-
ity of blood and the range of shear rates are related
to the cross-sectional area of the blood vessel. Large
arteries are typically associated with higher blood flow
velocities and shear rates as compared to those found
in the microcirculation. Thus, under normal physiologic
conditions, the viscosity of blood in the circulation, at
any instant or location, varies depending on shear rate
within a specific vessel. The rheological properties of
blood depend on hematocrit and plasma constituents
(Baskurt and Meiselman 2003). With increasing cellular
fraction in blood, viscosity increases. Plasma expanders
are typically Newtonian fluids of viscosity different
from that of blood. They alter the rheological prop-
erties of blood as a consequence of hemodilution and
its inherent physical properties. In emergency medi-
cine, the volume expander solutions are used at room
temperature.

Another clinical setting for the usage of colloid sub-
stitutes is during heart-lung perfusion in open-heart
surgery, where dextrans and HES solutions may replace
donor plasma as colloids. Furthermore, using dextrans
and HES instead of donor plasma may be advanta-
geous, since it allows adjustment of the colloid osmotic
pressure over a wider range than donor plasma (Reed
et al. 1985). In cardiac surgery, during resuscitation
protocols, cold cardioplegic solutions dominate. When
performing deliberate deep hypothermia for cardiac or
thoracic aortic surgery requiring temporary circulatory
arrest, blood temperature is in the range of 8-12°C
(Eckmann et al. 2000). Since the physical characteris-
tics of blood are complex, the rheological properties
of blood at temperatures commonly used for deep
hypothermia cannot be reliably predicted based on
measurements at higher temperatures. Blood viscos-
ity fluctuates dramatically in response to changes in
composition, temperature and velocity, which may alter
significantly within the vascular tree (Rand et al. 1964).
It is important to consider the effect of temperature
on the rheological behavior of blood. The pathophys-
iologic effects of hypothermia that induce blood hyper-
viscosity are still not well understood.

The objective of this work is to investigate the effects
of mixing different volume expanders with whole hu-
man blood on rheological properties and, consequently,
on arterial flow. The rheological properties of blood
mixtures depend on the characteristics of the volume
expander. When the same volume expander is mixed
with blood from different donors, slight differences
can be expected in flow curves at low shear rates,
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due to aggregation tendencies. These depend on the
plasma composition, and are mainly associated with
the fibrinogen concentration. Here, we examine the
influence of temperature on the rheological properties
of whole blood mixtures with different volume ex-
panders, such as solutions of dextran and HES. To that
end, we have employed the Herschel-Bulkley constitu-
tive equation, which describes well the shear thinning
and yield stress characteristics of whole blood (Kim
et al. 2009; Sankar and Lee 2009). In order to investi-
gate the effects of temperature and volume expanders
on the hemodynamics, we have carried out numeri-
cal simulations of the flow of various blood mixtures
in a realistic carotid bifurcation using the regularized
version of the Herschel-Bulkley model as well as a
rescaled Newtonian model. For the cases considered in
this study, the numerical simulations demonstrate that
viscoplasticity affects only slightly the time-averaged
flow field in the carotid artery.

Experimental methods and materials

The rheological properties of whole blood and its mix-
tures with volume expanders were measured under
steady shear conditions in the temperature range from
4°C to 37°C, using a controlled stress rheometer Phys-
ica MCR 301, equipped with a sensor designed for
hemorheology (DG 26.7/Ti). To eliminate sedimenta-
tion of RBC and the effect of the shear history of the
sample and thus obtain repeatable data, the flow curves
were constructed according to the following four-step
protocol: pre-shear at 200 s=! for 200 s, pre-shear at
1 s7! for 20 s, rest conditions for 20 s, and, finally,
stepwise shear rate increase from 0.5 s=!' to 450 s~
Blood samples were obtained by venipuncture from
three (healthy) female, F1-F3, and three male, M1-
M3, donors and were anticoagulated with EDTA. The
hematocrit values (Hct) for all donors were determined
by means of a Coulter device. As reported in Table 1,

Table 1 The hematocrit values determined for examined blood
samples

Donor code Hematocrit
F1 0.36
F2 0.39
F3 0.39
M1 0,46
M2 0.48
M3 0.49

F female, M male

Table 2 Characteristics of HES volume expanders V 6, HES 6
and HES 10

Hydroxyethyl starches pH 5.5 Vo6 HES6 HES10
in a 0.9% saline solution 130/0.4  200/0.5 200/0.5
Concentration (%) 6 6 10
Volume efficacy (%) 100 100 130
Volume efficacy duration (h) 2-3 34 34
Average molar mass (kDa) 130 200 200
Degree of substitution* (MS) 0.4 0.5 0.5
Substitution pattern C2/C6 ratio** 9:1 6:1 6:1

Hct values ranged from 0.36 to 0.49. It should be noted
that the rheological properties of whole blood, such as
shear thinning and the yield stress, are strong functions
of the hematocrit (Picart et al. 1998; Yeow et al. 2002).

One hour after the venipuncture, blood samples
were mixed with volume expanders at four concen-
trations ranging from 10 to 50 vol./vol.%. We used
five different volume expanders: S40, S70, Voluven
(V6), HES6, and HES10. The first two expanders were
based on Soludeks®, a trade name of dextran solutions
for intravenous injection, produced by Pliva, Zagreb,
Croatia. S40 is 10 wt.% dextran of average molecular
weight 40,000 Da dissolved in physiological fluid. S70 is
6 wt.% dextran of average molecular weight 70,000 Da
dissolved in physiological fluid. The other three vol-
ume expanders used were hydroxyethyl starches, i.e.,
Freeflex® in saline solutions, produced by Fresenius
Kabi Deutschland GmbH, Bad Homburg, Germany.
The characteristics of the three HES expanders (Volu-
ven, HES6, and HES10) are depicted in Table 2.

HES preparations differ in the number of hydrox-
yethyl’s per number of glucose, e.g., a degree of 0.5 is
equivalent to 5 hydroxyethyl starches per 10 glucose
molecules. The substitution pattern C2/C6 ratio refers
to the relative ratio of the hydroxyethyl starch substitu-
tions at the carbon level and is associated with blood
coagulation. Some studies have shown that at higher
values of the C2/C6 ratio the negative effects on the
coagulation are enhanced (Riback 2004). According
to Neff et al. (2005), starches of lower molar mass
(130 kDa) have less effect on coagulation than starches
of medium molar mass (200 kDa).

Experimental results

The viscosities of all blood samples and volume ex-
panders at the two extreme temperatures of interest,
i.e., 4°C and 37°C, are plotted in Fig. 1 as functions of
the shear rate. It is clear that blood is shear thinning in
all cases, which is, of course, very well documented in
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Fig. 1 The viscosities of all whole human blood samples (donors
F1-F3 and M1-M3) and all volume expanders (S40, S70, HES®6,
HESI10, and Voluven) at 4°C and 37°C

the literature (Neofytou and Drikakis 2003; Neofytou
2004; Sankar and Lee 2008 and references therein),
whereas volume expanders are essentially Newtonian
at moderate to high shear rates. At low shear rates,
some volume expander solutions, such as Voluven,
HES6, and S70, exhibit weak shear thinning behavior
which is more pronounced at the higher temperature
(37°C). It should also be noted that the viscosity values
of the volume expanders obtained at low shear rates
(below 1 s71) are not reliable and are thus omitted. For
all donors, the viscosity of whole human blood is higher
than that of volume expander solutions considered in
this work, at least for low and moderate shear rates. The
differences are reduced as the shear rate is increased
and the viscosity curves may cross at high shear rates.
As expected, increasing the temperature from 4°C to
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Fig. 2 Temperature dependence of the viscosities of all volume
expanders at a shear rate of 100 s™!

37°C results in a drastic reduction of the viscosity at
all shear rates. Figure 2 shows the viscosities of all
volume expanders at a constant shear rate of 100 s™!
as functions of the temperature. HES10 and S40, i.e.,
the 10% saline solutions, exhibit higher viscosity than
the 6% solutions, i.e., S70, HES6, and Voluven.

The effect of the concentration of medium molecular
weight volume expanders on the viscosity of blood
mixtures at 4°C and 37°C is illustrated in Figs. 3 and 4.
In Fig. 3, we present viscosity results for whole blood
M1, which is characterized but its high hematocrit
(Het = 0.46), and its mixtures with volume expander
HESI10 at concentrations ranging from 10% to 50%. In
Fig. 4, we have chosen to show results obtained with
whole blood F1, which exhibits low hematocrit (Hct =
0.36), and its mixtures with S70. The viscosity curves
obtained with other blood samples and volume ex-
panders were similar. In general, the viscosity at low
shear rates decreases with the addition of a volume
expander, due to hemodilution. The shear thinning
behaviour is reduced with increasing concentration of
volume expanders. It is evident in Fig. 3 that the
differences between the viscosity curves in the low-
shear-rate regime are more pronounced at low tem-
peratures. Our experiments indicated that adding the
same volume expander to different blood samples
causes slightly different changes in the viscosity, due
to different fibrinogen concentration and other con-
stituents present in plasma. More important differences
were observed mainly at low shear rates, where aggre-
gation tendencies or viscosity increase were also noted.
In Fig. 4, for example, we notice that the low-shear-
rate viscosity of whole blood F1 at 37°C is slightly
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Fig. 3 The viscosities of whole human blood sample M1 (Hct =
0.46) and its mixtures with 10 to 50 vol.% of HES10 at 4°C and
37°C; the viscosity of HES10 is also shown

below that of its mixture with 10% S70. Another gen-
eral observation is that RBC aggregation tendencies in
blood mixtures with volume expanders are not com-
mon, indicating that hemodilution prevails over the
aggregation.

In order to examine in more detail the effect of vol-
ume expanders on the viscosity of the different whole
blood samples, we calculated the values of the relative
viscosity, defined as the ratio of the viscosity of the
blood mixture to that of the blood at a given shear rate.
In Fig. 5, we show the average relative viscosities of
various mixtures of blood samples F3, M1, and M2 at
4°C and 10% of volume expander (Fig. 5a), 4°C and
40% of volume expander (Fig. 5b), and 37°C and 40%
of volume expander (Fig. 5c). The results at low shear
rates and low volume expander concentrations show
no clear trend of the relative viscosity as a function of
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Fig. 4 The viscosities of whole human blood sample F1 (Hct =
0.36) and its mixtures with 10 to 50 vol.% of S70 at 4°C and 37°C;
the viscosity of S70 is also shown

the shear rate. In general, the relative viscosity is an
increasing function of the shear rate, exceeding unity
at very high shear rates. With the exception of some
mixtures at very high shear rates (above 100 s7!), the
relative viscosity is reduced as the volume expander
concentration is increased. This reduction is more strik-
ing at low shear rates. At higher shear rates, some blood
mixtures with S40 and HES10 exhibit viscosities higher
than that of the whole human blood (the average rela-
tive viscosities are higher than 1). Finally, the reduction
of the viscosity due to plasma dilution with examined
volume expanders was more pronounced at 4°C, except
for Voluven, which had the lowest viscosity. As dis-
cussed below, however, this reduction is accompanied
with an increase of the yield stress.
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at 37°C
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Constitutive equation

In addition to shear thinning, blood is known to ex-
hibit yield stress (Kim 2002; Sankar and Lee 2008).
This was also true for all blood samples and mix-
tures in the present work. The viscosity curves of
the whole blood samples in Fig. 1 as well as those
of the various blood mixtures with volume expanders
in Figs. 3, 4, and 6, appear to increase without limit
for small shear rates. As pointed out by Yeow et al.
(2002), this asymptotic behavior is indicative of the
presence of yield stress. We chose to fit the rheologi-
cal data with the well-known Herschel-Bulkley model.
This is a combination of the Bingham and power-

0,1

viscosity (Pa.s)

A Case 1 F1 V6 40% 37°C
A Case 2 F1 blood 37°C

o Case 3 F1 V6 40% 4°C
e Case 4 F1 blood 4°C
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0
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Fig. 6 The viscosity curves of blood samples and mixtures (cases
1-8) used in numerical modeling. The points are the experimental
data and the lines are calculated using the Hershel-Bulkley
model. The material parameters are given in Table 3
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law models and can be written in the following scalar
form:

y =0, T <7
{f=fo+KJ>”, T>T1 )

where t is the shear stress, y is the shear rate, K is
the consistency index, n is the power-law exponent,
and 1 is the yield stress. The values of the three
material parameters of the Herschel-Bulkley model,
1e., K, n, and t¢9,have been determined from the rhe-
ological data of each fluid using non-linear regression
(Excel Solver). In Table 3, we tabulate the values of
the material parameters for eight cases, obtained with
two blood samples (F1 and M2) at 4°C and 37°C and
their mixtures with 40% Voluven (V6) and S40, re-
spectively. The two blood samples were chosen because
they exhibit extreme hematocrit values (Hct = 0.36
for F1 and Hct = 0.48 for M2). Among the volume
expanders examined, Voluven and S40 had the lowest
and highest viscosity, respectively. Although these two
volume expanders have been reported to reduce RBC
aggregation (Neff et al. 2005; Salazar Vazquez et al.
2008), in the present work we observed a tendency
for aggregation in blood sample F1 with Voluven at
4°C. This can be recognized from the relatively high
yield stress and viscosity measured in the low shear rate
range. S40 in the blood mixtures examined exhibited
only a dilutional effect.

The experimental data for the cases 1-8 of Table 3
and the flow curves calculated using the Herschel-
Bulkley model are compared in Fig. 6. In Table 3, we
observe that the calculated power-law exponents were
in the range 0.78-0.92. The yield stress values, ranged
from 0.0008 to 0.0562 Pa, are reduced with temperature
or with the addition of a volume expander, the only
exception being the mixture of blood F1 with Volu-
ven at 4°C which exhibits higher yield stress than the
whole blood. It should be noted that in order to obtain
more reliable values for the yield stress the rheological
measurements should be extended to much lower shear
rates than 0.1 s7!' (Yeow et al. 2002). Such a task
falls out of the scope of this preliminary study of the
effects of volume expanders. However, the calculated
material parameters for the blood samples compare
well with values reported in the literature. For example,
Kim (2002) reported the values (o = 0.0175 Pa, n =
0.8601, and K = 8.9721 Pa s". According to Sankar and
Hemalathan (2007) the yield stress for a normal human
blood is between 0.01 and 0.06 Pa and the typical
values of the power-law exponent n are between 0.9
and 1.1.

Table 3 Herschel-Bulkley model parameters obtained from stress strain measurements of human blood samples at 4°C and 37°C and including or excluding volume expanders

HB model

Blood M2
at4°C

Blood M2 + 40%

S40 at 4°C

Blood M2
at 37°C

Blood M2 + 40%
S40 at 37°C

Blood F1

at 4°C

Blood F1 + 40%
Voluven at 4°C

Blood F1

at 37°C

Blood F1 + 40%
Voluven at 37°C

parameters

Case #

0.0330
0.0386
0.7827

0.0029
0.0221
0.8995

0.0082
0.0115
0.8033

0.0008
0.0084
0.8790

0.0340
0.0283
0.8097

0.0562
0.0125
0.9144

0.0035
0.0080
0.8375

0.0021
0.0044

0.9167
The blood sample F1 used for cases 1-4 had Hct = 0.36 whereas the sample M2 used for cases 5-8 had Hct

70 [Pa]

K[Pas”]

0.48
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Numerical modeling of arterial hemodynamics

The carotid bifurcation has been selected for our nu-
merical hemodynamics simulations, as it is one of the
most frequently studied sites evaluating the hemo-
dynamic hypothesis of atherosclerosis. Computations
have been carried out for the eight cases of whole
human blood and blood mixtures provided in Table 3.

Using a 3.0-T Philips Achieva MRI instrument, a
series of thin sequential slices were obtained by 3D
time of flight (TOF) methods, covering the carotid
artery bifurcation of a healthy volunteer in the supine
position. The inflow and outflow boundary condi-
tions were obtained by MR phase contrast velocimetry
(Papaharilaou et al. 2001) at the limits of the TOF
covered anatomic region. Segmentation and 3-D sur-
face reconstruction of the MR images were performed
using purpose-developed software (Giordana et al.
2005). The surface of the 3-D true vessel lumen was
reconstructed from the segmented TOF images. Pixel
width constrained smoothing of the reconstructed sur-
faces was applied and smoothly matched cylindrical
extensions of both inflow and outflow segments were
added to facilitate the application of fully developed
boundary conditions for the numerical simulation. Fur-
ther details on the image acquisition and 3D surface
reconstruction methods can be found in Aristokleous
et al. (2011).

In order to solve numerically the continuity and mo-
mentum equations governing the three-dimensional,
time-dependent incompressible flow, we used the finite
volume code Fluent v12.0 (Ansys Inc.). The computa-
tional grids were generated with ANSA v12 (Beta CAE
Systems, Greece) using ~7.5 x 103mixed type elements
with higher grid density in the vicinity of the bifurcation
and a 0.055R thick viscous layer adjacent to the wall,
where R = 2.927 x 1072 m is the inlet carotid radius.
The arterial wall was assumed rigid and blood and its
mixtures were modeled as incompressible fluids with a
density p = 1050 kg/m?.

A 0.65/0.35 internal carotid artery (ICA)/ECA flow
split was prescribed based on the in vivo MR phase
contrast velocimetry measurements. From the dis-
crete Fourier series of the volumetric flow rate mea-
sured in vivo by MRI (Fig. 7), the fully developed,
time-varying velocity profile was computed using
Womersley’s derivation (Womersley 1955) and was
then imposed as the time-dependent inflow boundary
condition. The spatiotemporally-averaged Reynolds
number is defined as Re, = 2putR/n, Where u is
the time-averaged mean inlet velocity and 7., is the
limiting high-shear-rate Newtonian viscosity, which is
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Fig. 7 Physiologic flow waveform applied for time-varying com-
putations. Reynolds number computed for Newtonian model
(oo = 3.5 cP). Mean inlet velocity U normalized with spatiotem-
poral mean inlet velocity Umean = 0.23 m/s

taken here as 3.5 cP. This value is the most common
value used in the literature for blood flow simulations
(Kim 2002; Shibeshi and Collins 2005). For the in vivo
MR measured flow waveform shown in Fig. 7, the
period is T = 1.032 s and the measured time-averaged
volumetric flow rate is Q = 6.247 ml/s, which yields
i =0.232 ms™!. The time-averaged Reynolds number
at the inlet turns out to be Re, = 403.9. The Wom-
ersley parameter, defined by @ = R(w/v)'/?, where
o = 27/T is the fundamental frequency and v is the
(high-shear-rate) kinematic viscosity, was a = 3.96.
A second-order upwind discretization scheme (Barth
and Jespersen 1989) was applied for both the momen-
tum and pressure equations, and the PISO scheme
(Issa 1986) was used for pressure velocity coupling. A
time periodic solution was achieved after three flow
cycles.

A systematic time step and grid size independence
study was carried out following the approach described
in Papaharilaou et al. (2007). Based on the test results
carried out in this study, a time step of At = 6.5 x
107® (normalized by the spatiotemporal mean inlet
velocity per inlet diameter), or 4,000 time steps per flow
cycle, and a spatial discretization of the computational
domain with ~7.5 x 10° elements proved to ensure
sufficient accuracy of the numerical simulations.

Since the Herschel-Bulkley model defined in Eq. 1
is discontinuous, it requires the determination of the
yielded (r > 7¢) and unyielded (r < t() regions
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Table 4 The characteristic viscosities for the cases from 1 to 8 calculated for the following data: Q = 6.247 ml/s, u = 0, 23 s~! and

Ye =201.8s"!
Case # 1A 2A 3A 4A 5A 6A 7A 8A
Characteristic viscosity (N s m~2)  0.002854  0.003375  0.008235  0.010476  0.004424  0.004089  0.012979  0.012346

of the flow, which leads to considerable computa-
tional difficulties. These are overcome by employing
its regularized version, as proposed by Papanastasiou
(1987):

t=1(1- e_"”}) + Ky" 2

where m is the regularization parameter. For
sufficiently large values of m, the regularized
constitutive model provides a satisfactory approxima-
tion of the Herschel-Bulkley model, while at the same
time the need of determining the yielded and the
unyielded regions is eliminated. Regularized models

Fig. 8 Steady axial velocity
contour plots obtained using
the regularized
Herschel-Bulkley model for
cases 1-4 (Het = 0.36) and 5
and 7 (Hct = 0.48) and the
rescaled Newtonian model
for the latter two cases (SA
and 7A). The velocity values
are in m/s and the zero
isosurfaces highlight regions
of flow reversal

have been very successful in solving various steady
and time-dependent flows [see, for example, Mitsoulis
(2007) and the references therein]. In the present
calculations we have taken m = 1,000 s.

For comparison purposes, we have also carried out
simulations assuming that the fluids of interest are
Newtonian with a viscosity rescaled to a value cor-
responding to the characteristic shear rate (not the
nominal high shear rate value). In the latter case, the
viscosity is rescaled as follows:

Ne=mne) = E (1 — e_"”}c) 4 K)}Cn—l 3)

Cc

@ Springer



398

Rheol Acta (2011) 50:389-402

where the characteristic shear rate is defined by y, =
8ii/ BR) = 201.8 s~!. The characteristic viscosities for
the cases 1-8 of Table 3 are tabulated in Table 4.

The axial velocity contours obtained using the reg-
ularized Herschel-Bulkley model for cases 1-5 and
7 of Table 3 are shown in Fig. 8. Also shown is
a comparison with the results obtained the rescaled
Newtonian model for cases 5 and 7 (SA and 7A). Cases
6 and 8 had no visible differences from cases 5 and 7,
respectively, and are therefore not shown. To highlight
regions of flow reversal, the zero velocity isosurfaces
are also depicted. Regions of flow reversal appear near
the wall, to some extent, in all cases presented with
flow separation occurring near the location of sudden
cross-sectional expansion in the common carotid artery
(CCA; the parent vessel in the carotid bifurcation).
However, there are differences between cases in the
size of the recirculation region that develops and the
magnitude of the flow reversal. These differences in

Fig. 9 Steady WSS contour
plots (in Pa) obtained using
the regularized Herschel—-
Bulkley model for cases 14
(Het = 0.36) and

5and 7 (Hct = 0.48) and the
rescaled Newtonian model
for the latter two cases

(5A and 7A)

Case 1

@ Springer

the flow field can primarily be attributed to the
differences in the characteristic viscosity of the cases
studied.

In Fig. 9, the contours of the log of wall shear stress
(WSS) magnitude are shown for the same cases as those
in Fig. 8. The wall shear stress is a very important
hemodynamic quantity, which is defined as follows:

WSS =1 (7) % (4)
7 lwall
where u; is the tangential velocity and # is the normal
unit vector at the wall. Atherosclerosis shows prefer-
ential localization at sites where flow is either slow or
disturbed and where WSS as well as its gradients are
low (Caro et al. 1971; Malek et al. 1999). It is evident
from the steady flow WSS distributions of Fig. 9 that
there is a positive correlation between the characteristic
viscosity of the fluid used in each case and the resulting
WSS magnitude. There is, however, a slight deviation

Case 3

Case 2 Cased
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Fig. 10 Comparison of the axial velocity contours at peak systole and end diastole obtained using the regularized Herschel-Bulkley,
the rescaled Newtonian, and the Newtonian models for case 6 (Hct = 0.48)

from this general observation which appears in the
WSS distribution of the external carotid artery (ECA;
typically the smaller diameter branch of the carotid
bifurcation). There is lateral translation of an isolated
low WSS region associated more with the change in Het
rather than change in characteristic viscosity (compare
case 1 vs. case 5).

It is evident from the results presented in Figs. 8
and 9 that the rescaled Newtonian approximation
yields a description of the flow field that is very

Case 6
Peak Systole

Case 6A Newtonian (3.5 cP)
Peak Systole Peak Systole

Fig. 11 Comparison of the WSS contours (in Pa) at peak sys-
tole and end diastole obtained using the regularized Herschel—-
Bulkley, the rescaled Newtonian, and the Newtonian models

close to that generated by the regularized Herschel-
Bulkley model. This could not have been achieved by
a constant viscosity approximation, especially in cases
where the characteristic viscosity of the blood mix-
ture deviates significantly from the physiological range
(i.e., case 7).

Although the influence of temperature, hematocrit,
and volume expanders on the hemodynamics is sig-
nificant, this is primarily attributed to the net effect
of these parameters on the nominal (high shear rate)

Case 6
End Dilastole

Case 6A
End Diastole

Newtonian (3.5 cP)
End Diastole

for case 6 (Hct = 0.48). The circles denote characteristic wall
locations on the CCA, ECA, and ICA selected for the extraction
of the time series data shown in Fig. 12

@ Springer
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IWSSI (Pa)

IWSSI (Pa)

IWSSI (Pa)
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<« Fig. 12 Comparison of WSS time series obtained at selected
points on the CCA, ICA and ECA wall (depicted in Fig. 11) using
the regularized Herschel-Bulkley model for cases 6 and 8 (Hct =
0.48) and the rescaled Newtonian model (case 6A)

viscosity of the flow medium and less so on their effect
on its non-Newtonian rheological behavior. If one seeks
to compute the hemodynamics in a normal arterial
segment, rescaling the Newtonian viscosity using the
characteristic shear rate will produce a description of
the hemodynamics, which is very close to that obtained
by the regularized Herschel-Bulkley model. Figures 10
and 11 show a comparison of the axial velocity and
the WSS contours, respectively, obtained applying the
regularized Herschel-Bulkley, the rescaled Newtonian,
and the Newtonian models at two characteristic in-
stances in the cardiac cycle depicted in Fig. 7: (a) peak
systole and (b) end diastole for case 6 (with Hct =
0.48). We observe that that there are no significant
differences in the axial velocity and WSS results ob-
tained with the three models. This is mainly due to the
fact that the characteristic viscosity in this case (1, ~
4.1 cP) is very close to the Newtonian viscosity used
(3.5cP).

Finally, Fig. 12 shows the flow cycle variation of
the WSS magnitude extracted at three representative
points on the CCA the ECA, and the ICA. These three
points are marked by circles and indicated by arrows
in Fig. 11. The results obtained using the regularized
Herschel-Bulkley and the rescaled Newtonian models
agree very well during most of the flow cycle. As
expected, there is a consistently increased WSS level
associated with the increased characteristic viscosity of
case 8 as compared to cases 6 and 6A. Interestingly,
this trend breaks down during the end diastolic phases
on the ICA. This behavior could be attributed to the
different rheological characteristics of blood between
cases 6 and 8, which are expected to become more
apparent during the low flow phases of the cycle.

Conclusions

Addition of examined volume expanders to whole hu-
man blood, in general, caused disaggregation of RBC,
which results in the reduction of viscosity at low shear
rates. Shear thinning and yield stress were reduced with
the increasing concentrations of the studied volume
expanders. In most blood samples examined, the ag-
gregation tendencies of RBC due to the addition of
volume expander were not significant, probably due to
the prevailing effect of plasma dilution. This finding is
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important for the clinical settings where it is necessary
to immediately restore the circulating volume at room
temperature with practically no time available to select
the most appropriate type of solution. On the other
hand, the viscosity differences between whole human
blood and blood mixtures with different volume ex-
panders were more pronounced at low temperature.
This is important when deliberate deep hypothermia
for cardiac or aortic surgery is performed, since cold
cardioplegic solutions are used in a well-planned pro-
cedure that allows enough time to select the most ap-
propriate volume expander. For that reason, potential
risk by increased tendency for aggregation at low tem-
peratures, e.g., as observed in the present experiments
with Voluven, must be avoided by the proper choice
of volume expander before the start of cardiac surgery
or other extensive surgery. Since observed RBC ag-
gregation tendencies in blood mixtures with volume
expanders were not common, indicating that hemodi-
lution prevails over the aggregation, it is deduced that,
in general, employing cold volume expanders during
cardiac surgery is safe. Nevertheless, hemorheological
behavior is affected by a number of patient’s individ-
ual characteristics, among which plasma proteins are
a major component. Changes in fibrinogen and im-
munoglobulins, under both physiologic and pathologic
conditions exert their effects on whole blood viscosity
either directly or by influencing red cell aggregation
and platelet thrombogenesis (Kwaan 2010). These fac-
tors must be studied in more detail since the most
pronounced inter-individual changes in rheological pa-
rameters were observed mainly at low shear rates. In
this range of shear rates, blood exhibits flow properties
of structured fluid due to RBC aggregation, while their
deformability plays a lesser role.

As such interactions are very complex, we employed
numerical arterial hemodynamics simulations, in or-
der to investigate further the observed temperature-
dependent differences in in silico model of carotid cir-
culation. The Herschel-Bulkley constitutive equation
describes well the viscosity data of all samples within
the applied shear rate region from 0.1 to 1,000 s~'.
Our numerical simulations of the flow of whole blood
and its mixtures with volume expanders in the carotid
bifurcation demonstrated the following: (a) taking into
account the viscoplasticity of blood (i.e., its yield stress)
results only in moderate changes in the time-averaged
flow field in the carotid artery; these changes are more
pronounced in the case of the instantaneous flow field;
(b) rescaling the Newtonian viscosity using the char-
acteristic shear rate leads to a satisfactory description
of the flow of a Herschel-Bulkley fluid in the carotid
artery; this implies that the effects of temperature,

hematocrit, and volume expander concentration can be
attributed to the variation of the characteristic viscosity
of the fluid.

The observed differences in the rheological behav-
ior of whole blood and blood mixtures with volume
expanders can be translated, e.g., in a setting of cardio-
pulmonary bypass, where a variety of hematocrit
concentrations and temperatures are encountered.
Therefore, the present results raise an important is-
sue about the potential clinical complications and sug-
gest that choosing the plasma expanders according to
the patients’ individual plasma characteristics could
improve the safety of complicated cardiac surgery.
Since these issues are not yet well documented nor
well understood, further investigation in this field is
needed.
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