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Abstract Variations in blood oxygen concentrations are not
only part of the normal physiology but they may also indicate
various pathological conditions. In the present work, we ex-
amined the influence of oxygen concentration on the rheolog-
ical properties of whole human blood. Blood samples were
taken from two healthy donors, a male and a female, with
hematocrits 0.47 and 0.42, respectively. In addition to the
original samples of normal oxygen concentration
(normoxemia), samples of different blood oxygen level were
also prepared by using the perfusion cell equipped with a gas
supply to induce either hypoxemia by driving out the oxygen

saturating blood by nitrogen or hyperoxemia by saturating
blood with oxygen. The rheology of the samples was mea-
sured using a Physica MCR 301 rheometer equipped with a
sensor designed for hemorheology. The rheological results
showed that oxygen-depleted blood exhibited lower viscosity
and a lower yield stress when fitted to the Herschel-Bulkley
constitutive model. Blood flow simulations of the effect of
oxygen concentration on the local hemodynamics were also
carried out in an idealized axisymmetric 75% stenosis and in a
realistic carotid bifurcation geometry constructed from MRI
images obtained from a healthy male volunteer. The modified
Herschel-Bulkley model with the Papanastasiou regulariza-
tion was used to account for both the shear thinning and finite
yield stress properties of blood. The results of this work
showed that oxygen concentration affects the rheology and
flow behavior of blood, suggesting compensatory responses
under hypoxic conditions leading to a lower blood viscosity.

Keywords Hemorheology . Blood . Oxygen concentration .

Herschel-Bulkleymodel . Hemodynamics . Carotid
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Introduction

Blood is a biological fluid that delivers nutrients and oxygen
to living cells and removes their metabolic wastes (Lykov
et al., 2015). Understanding its rheological and flow proper-
ties (that is hemorheology) is necessary in developing im-
proved diagnostic and therapeutic tools for cardiovascular,
hematological, and other diseases or disorders and in advanc-
ing biomedical and clinical applications, such as drug delivery
(Fedosov et al., 2011).

Blood is a concentrated suspension of several formed cel-
lular elements, red blood cells (RBCs), white blood cells, and
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platelets in plasma. Blood plasma is an aqueous polymeric and
ionic solution of constant viscosity, i.e., it is a Newtonian
fluid, in shear flow. Recently, it has been established that plas-
ma shows significant viscoelastic effects in elongational flow
in a capillary breakup extensional rheometer and also in a
microfluidic contraction-expansion device (Brust et al.,
2013). Fibrinogen, one of the various proteins in plasma, is
known to affect the rheological properties of blood by promot-
ing the aggregation of RBCs at low shear rates (Picart et al.,
1998; Apostolides and Beris, 2014). Unlike plasma, blood is a
complex non-Newtonian fluid. Its viscosity and other rheolog-
ical properties depend on many factors; the most important of
which are the hematocrit, the flow which affects the behavior
of RBCs and the temperature (Caballero and Lain, 2015). The
hematocrit, defined as the volume percentage of RBCs in
whole blood, has a more pronounced effect on viscosity at
high shear rates (Kim et al., 2009; Smith et al., 2015). Blood
viscosity increases with hematocrit and decreases quickly with
temperature (Rand et al., 1964; Valant et al., 2011). Flow
affects the deformation and the aggregation-disaggregation
of RBCs (Brun et al., 2013; Bertoluzzo et al., 1999) which
have a dramatic effect on the blood viscosity. Apostolidis and
Beris (2016) reported that cholesterol and triglycerides con-
tribute to cardiovascular diseases by increasing blood viscos-
ity. The viscosity of whole human blood also varies with
hydration/dehydration in exercising (Diaw et al., 2014).

Acute changes in the oxygen concentration of whole blood
also lead to changes in the rheology and flow behavior of
blood. Smith et al. (2015) reported that aerobic training (not
resistance training) is associated with a hemorheological pro-
file that promotes both oxygen transport and delivery indepen-
dent of hematocrit. Variations in blood oxygen concentrations
can be part of the normal physiology, e.g., difference in oxy-
gen levels in arterial versus venous blood, during strenuous
physical exercise, as well as in other conditions (De Cort et al.,
1991). Hypoxia, i.e., reduced oxygen concentration in tissues,
is often considered as the common cause of tissue and cell
injury (Guner et al., 2013). It may be observed in physiolog-
ical and pathophysiological conditions such as severe exer-
cise, air travels, repeated exposure to high altitude followed
by returning to sea level, and obstructive sleep apnea (Guner
et al., 2013). In vivo experiments showed that both blood
viscosity and erythrocytes aggregation index in mice increase
when they are exposed to acute hypoxic hypoxia for a brief
period (5–11 min) (Zhang et al., 2012).

The experiments of Yelmen et al. (2011) on male rats
placed in a hypobaric chamber (5 h/day, 5 days/week, 5weeks)
suggested that chronic long-term intermittent hypobaric hyp-
oxia (CLTIHH) elevated whole blood viscosity by increasing
plasma viscosity, fibrinogen concentration, and hematocrit
value and thus CLTIHH may be responsible for
hemorheologic changes in human subjects exposed to inter-
mittent high altitude or with severe obstructive sleep apnea.

This observation can be explained by a physiological mecha-
nism. Chronic hypoxia leads to increased erythropoietin se-
cretion, which increases the erythrocyte production and thus
increases the hematocrit level (Benderro and LaManna, 2013).
Increase of blood viscosity after intermittent exposure of rats
to hypobaric hypoxia (simulated altitude) was also reported by
Núñez-Espinosa et al. (2014) who noted that other rheological
parameters, such as higher blood elasticity and shorter
relaxation time, may contribute to compensate for this
augmentation. Similarly, Kang et al. (2016) reported that
intermittent and continuous hypoxia increase whole blood
viscosity and promote the platelet aggregation in rats and
that, in chronic cases, the former has a greater effect on
blood rheology. In contrast, the experiments of Esteva et al.
(2009) showed that intermittent hypobaric hypoxia in rats
(4 h/day, 5 days/week until 22 days of hypoxia exposure in a
hypobaric chamber at a simulated altitude of 5000m) does not
affect apparent blood viscosity. Although the level of hemo-
globin and hematocrit increased, blood viscosity remained
unaltered due to the long-term compensatory responses on
the erythrocyte level. Esteva et al. (2009) concluded that in-
termittent hypobaric hypoxia has a deep but transitory effect
on red cell parameters and a very moderate effect on blood
rheological behavior. All in all, interactions between blood
oxygen level and rheological properties are not fully under-
stood. In fact, there is still a knowledge gap in understanding
the direct correlation between acute hypoxia and rheological
properties of blood (Caillaud et al., 2002) and, therefore, fur-
ther research is needed. Studying the hemorheology and he-
modynamics at different oxygen concentrations may also shed
light on the pathophysiological regulation of blood properties
on the level of erythrocytes.

As alreadymentioned, blood exhibits non-Newtonian char-
acteristics, i.e., shear thinning (Merrill et al., 1969), viscoelas-
ticity (Vlastos et al., 1997), thixotropy (Dintenfass, 1962), and
yield stress (Cokelet et al., 1963). The non-Newtonian prop-
erties of blood are reviewed in detail in the recent papers by
Dimakopoulos et al. (2015), Bessonov et al. (2016) and Sousa
et al. (2016). At low shear rates, RBCs tend to aggregate
forming column-like structures called rouleaux. Shear thin-
ning is caused by the disaggregation of the rouleaux and the
alignment of individual RBCs at moderate and higher shear
rates (Chien et al., 1967). Blood viscoelasticity is attributed to
the reversible deformation of the RBCs three-dimensional mi-
crostructures and to the ability of the RBCs elastic membranes
to store and release elastic energy (Thurston, 1996; Caballero
and Lain, 2015). Thixotropy, i.e., the variation of viscosity
with time at constant low shear, is mainly due to the fact that
rouleaux aggregation and disaggregation are not instanta-
neous and thus the material properties are time dependent
(Caballero and Lain, 2015).

As a suspension, blood also exhibits yield stress under
physiological conditions, i.e., it flows only if the stress
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exceeds a threshold value. The macroscopic yield stress is
attributed to the formation of rouleaux aggregates and 3D
complex networks at low shear rates (Apostolides and Beris,
2014; Fedosov et al., 2011; Bessonov et al., 2016). In addition
to experimental evidence (Cokelet et al., 1963; Merrill et al.,
1969; Copley et al., 1973), the existence of a yield stress is
also supported by coarse-grained molecular dynamics simula-
tions (Fedosov et al., 2011). According to Picart et al. (1999),
the best predictor of yield stress in systemic sclerosis is the
ratio of albumin to globulins. Blood yield stress is known to
increase with certain diseases, such as systemic sclerosis,
polycythemia, and diabetes, and this may be used for diagnos-
tic purposes (see Sousa et al. (2016) and references therein).
Apostolides and Beris (2014) showed that the threshold he-
matocrit value for the appearance of yield stress is a function
of the fibrinogen concentration and developed accurate para-
metric representations relating blood yield stress and viscosity
to hematocrit, fibrinogen concentration, and temperature.

For the purposes of the present study, we have chosen to
use a generalized Newtonian constitutive equation instead of a
time-dependent (i.e., viscoelastic/thixotropic) model which is
more appropriate given the pulsatile flow conditions in the
human vascular network. As noted by Apostolides and Beris
(2014), the most sophisticated viscoelastic constitutive equa-
tions for blood fail to account explicitly for yield stress and
viscoplasticity. The most popular constitutive equations
endowed with yield stress and describing shear thinning are
the Casson and Herschel-Bulkley models (Mitsoulis, 2007).
The latter model is the combination of the Bingham plastic
and the power-law constitutive models. It involves three ma-
terial parameters, the yield stress, τ0, the consistency index, k,
and the power-law exponent, n, and relates the viscous stress
tensor, τ, to the rate of strain tensor,

:
γ ≡ ∇uþ ∇uð Þ T where u

is the velocity vector, as follows:

:
γ ¼ 0; τ ≤ τ0

τ ¼ τ0
:
γ
þ k

:
γ
n−1

 !
:
γ; τ > τ0

9>=
>; ð1Þ

where the magnitudes of τ and
:
γ, denoted by τ and

:
γ, respec-

tively, are defined by

τ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ : τ

.
2

r
and

:
γ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
:
γ :
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γ
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2
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It is clear that while in the unyielded zone, the viscosity is
infinite and in the yielded zone, it is given by

η
:
γ
� �

¼ τ0
:
γ
þ k

:
γ
n−1

ð3Þ

The Bingham plastic constitutive equation is recovered from
Eq. (1) when n=1. If additionally the yield stress is zero, the

Newtonian model is recovered. For n<1, the viscosity is a
monotonic decreasing function of the shear rate (shear thin-
ning). It is clear that in the limit

:
γ→0, the viscosity becomes

unbounded. The existence of a true yield stress may have been
the subject of a long debate (Barnes, 1999) ,but this is also
widely accepted as useful notion for practical applications. In
the case of hemorheology, Apostolides and Beris (2014) also
pointed out that, in addition to the overwhelming experimental
evidence, the yield stress may be more easily connected to
physiological parameters. In a subsequent work, Apostolidis
et al. (2015) proposed a thixotropic model accounting for the
additional yield-strengthening effect attributable to the RBC
rouleaux structures developed within blood.

The objectives of the present work were (a) to investigate
the effect of acute changes in blood oxygenation on the
hemorheological properties and (b) to investigate the effect
of blood oxygenation level on blood flow. To achieve the first
objective, measurements of rheological properties were con-
ducted on whole blood samples obtained from two healthy
volunteers and prepared in the laboratory to obtain oxygena-
tion levels different from the normoxic one, i.e., acute hypoxic
(oxygen-depleted blood) and hyperoxic (oxygen-saturated
blood). The rheological measurements are presented in
“Rheological measurements” where the experimental data
are fitted to the Herschel-Bulkley constitutive equation. The
experiments showed that viscosity and yield stress increase
with oxygen concentration. It should be noted that a
thixotropic/viscoelastic model is more appropriate in model-
ing transient blood flow in the carotid bifurcation, but its use
would require a series of experimental measurements for the
determination of the additional parameters at different oxygen
levels. Such an endeavor is out of the scope of the present
work and we thus resort to the Herschel-Bulkley constitutive
equation. To address the second objective, the calculated ma-
terial parameters are then used in numerical simulations of the
flow of blood with different oxygen concentrations in an ide-
alized axisymmetric stenosis and in a realistic carotid bifurca-
tion. The numerical method and the results are presented and
discussed in “Numerical simulations and discussion.” The im-
pact of oxygen concentration in the case of the carotid bifur-
cation was found to be weak. In the case of the stenosis, the
recirculation zone was found to reduce in size. The conclu-
sions of this work are discussed in “Concluding remarks.”

Rheological measurements

Rheological measurements have been carried out on blood
samples taken from two healthy donors, a male with hemato-
crit 0.47 (Volunteer A) and a female with hematocrit 0.42
(Volunteer B), as measured by the automated hematology an-
alyzer (Beckman Coulter LH 750). Blood samples were ob-
tained by venipuncture and were anticoagulated with EDTA.
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Samples with different oxygen concentrations were prepared
in the laboratory by using the perfusion cell equipped with gas
supply to (i) drive out the oxygen by nitrogen (hypoxia) (ii) or
to fully saturate blood with oxygen (hyperoxia). To induce
hypoxic conditions, we have used the nitrogen degasification
approach, i.e., the removal of any dissolved gasses from blood
by bubbling it with an inert gas. To obtain complete substitu-
tion, we bubbled freshly collected blood with nitrogen for
20 min at a rate of 3 bubbles/s. Indeed, nitrogen purging for
20–40 min at flow rate of 25 mL/s was found to be the most
effective oxygen removal method from water solutions
(Butler, 1994) in comparison to other oxygen removal ap-
proaches, such as boiling at 1 atm, boiling under reduced
pressure, or sonification under reduced pressure, which could
damage red blood cells and thus made hemorheological ex-
periments impossible. Therefore, bubbling with nitrogen is the
optimal approach for our experimental design—keeping
blood intact and absent of oxygen. Similarly, another study
used helium for 30 min to obtain complete oxygen removal,
which resulted in the complete deoxygenation of red blood
cell hemoglobin (pO2 < 0.0021 mmHg) (Zolla, 2013).
Moreover, the degasification approach also showed the ab-
sence of any erythrocyte damage (Longo et al. 2014).
However, we did not use the oximeter to control the level of
oxygen—therefore, we use the word hypoxia and not anoxia
(complete absence of oxygen). The same applies to hyperoxia
experimental conditions, where we bubbled the blood for
20 min with oxygen. Again, we did not use oximeter to quan-
tify the partial oxygen pressure in the blood. According to the
literature, both approaches should suffice to obtain complete
oxygen removal or saturation of the blood, correspondingly.

The experiment was carried out in in vitro settings, which
enabled better control of the oxygen concentration; it was not
open to the atmosphere to avoid infiltration of oxygen or ni-
trogen. Whole blood samples of each donor were taken 2 h
before the rheological measurements. Samples were mixed
gently and put on a roller mixer until the experiment. The
rheological properties were measured at 37 °C using a
Physica MCR 301 stress-controlled rotational rheometer
(Anton Paar, Graz, Austria), equipped with a sensor designed
for hemorheology, i.e., a coaxial double-gap cylinder system
(DG 26.7/Ti), which has been perfused with nitrogen for hyp-
oxia and oxygen for hyperoxia.

For all blood samples, the rheological tests were repeated at
least three times with fresh blood to ensure that the deviations
in flow curves due to different oxygen concentration are re-
peatable. The rheological data for volunteers A (male) and B
(female) at different oxygen levels, i.e., whole blood, blood
saturated with oxygen, and blood saturated with nitrogen, are
shown in Figs. 1 and 2, respectively. It can be observed that
very high repeatability was obtained for normal human blood,
slightly lower for fully saturated blood with oxygen and lower
for blood perfused with nitrogen (without oxygen). The

poorer repeatability of the experimental measurements on
the depleted samples indicates that further research is required
in order to optimize the protocol for the preparation of the
blood samples. The viscosities of the blood samples were
determined from average values of experimental data (three
repetitions) at each shear rate. Flow curves of the two blood
samples at different oxygen levels are shown in Fig. 3. From
the rheological data, it is clearly seen that blood without

(a)

(b)

(c)
Fig. 1 Measured viscosities in different rheological tests and averaged
curves for the male volunteer (A): a whole human blood; b blood
saturated with oxygen; c blood saturated with nitrogen
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oxygen exhibited lower viscosity and modified flow curve,
whereas the flow curves of blood saturated with oxygen were
slightly higher. The deformability of red blood cells can large-
ly reduce the blood viscosity, thus it can be speculated that the
changes in hemoglobin saturation (due to different oxygen
level) can lead to conformational changes. These can affect
mechanical properties of RBC, and thereby also their
deformability. In human blood, hemoglobin represents an es-
sential structural component of the red blood cell.
Hemoglobin has an oxygen binding capacity and can bind
up to four oxygen molecules. It has a quaternary structure,
which consists of four globular protein subunits, with a spe-
cific folding pattern enabling heme binding, which binds ox-
ygen. Upon oxygen binding, there is a slight conformational
shift; indeed, hemoglobin molecule can be saturated with the
oxygen (oxyhemoglobin) or desaturated (deoxyhemoglobin).
Interestingly, hemoglobin can exist in two forms, influenced

by local stimuli such as CO2 concentration, pH, and others,
which can switch conformation of the molecule. In one con-
formation (R form), hemoglobin can better bind oxygen;
while in the other (T-form), oxygen is being released (King
2015). In this manner, hypoxia or hyperoxia can lead to con-
formational changes of hemoglobin molecules inside the
RBCs, and so it can be speculated that these hemoglobin con-
formational changes also influence the erythrocyte
deformability and deformation and thereby affect the whole
blood rheological properties.

In all samples of Fig. 3, the viscosity decreases with shear
rate, i.e., all samples are shear thinning. As the shear rate tends
to zero, the viscosity appears to increase rapidly, an asymptot-
ic behavior indicative of the presence of yield stress (Yeow
et al., 2002). Hence, the rheological data for the two samples
have been fitted to the Herschel-Bulkley model using non-
linear regression (Excel Solver). The calculated values of the
three material parameters corresponding to the different oxy-
genation cases of the two blood samples are tabulated in
Table 1. The corresponding fittings are shown in Fig. 3 togeth-
er with the averaged experimental data. The values of the
power-law exponent ranged from 0.810 to 0.828 for the male

(a)

(b)

(c)
Fig. 2 Measured viscosities in different rheological tests and averaged
curves for the female volunteer (B): a whole human blood; b blood
saturated with oxygen; c blood saturated with nitrogen
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Fig. 3 Blood viscosity at different oxygen levels, i.e., oxygen-fully
saturated, nitrogen-without oxygen and whole human blood: a male
volunteer (A); b female volunteer (B). The solid lines correspond to the
optimal fitting with the Herschel-Bulkley model
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sample and from 0.834 to 0.850 for the female sample. These
variations are too small to indicate any trend. In any case, the
power-law exponent decreases with increasing hematocrit and
it has the lower values for normal human blood. As for the
yield stress, both the lowest and highest values, 0.00522 and
0.00799 Pa, were obtained with the female sample in the
nitrogen- and oxygen-saturated cases, respectively. It should
be noted that the reported values for the whole blood yield
stress vary greatly from 0.002 to 0.4 Pa (Dintenfass, 1971).
For all oxygen-depleted blood samples, the values of the con-
sistency index and the yield stress were lower and for the
oxygen-saturated samples, the values of these two material
parameters slightly higher than those of the untreated human
blood. It can also be observed that the influence of oxygen
concentration on the viscosity curves, as well as on the mate-
rial parameters, mainly the consistency index, was more pro-
nounced at lower hematocrit, i.e., for the female sample. From
the experimental data, it can be deduced that oxygen concen-
tration affects the deformability of red blood cells.

Numerical simulations and discussion

As already mentioned, we carried out numerical simulations
of the flow of blood of different oxygen concentrations in an
idealized axisymmetric stenosis and in a realistic carotid bi-
furcation. The arterial walls were assumed rigid and blood was
modeled as an incompressible fluid with a density
ρ=1050 kg/m3 at all oxygen concentrations.

For the numerical solution of the continuity and momen-
tum equations governing the three-dimensional, time-
dependent incompressible flow, we used the finite volume
code Fluent v12.0 (Ansys Inc.). Blood is treated as a rheolog-
ically homogeneous material which is a valid assumption in
vessels with diameter larger than approximately 200 μm in
which case the equations of motion can be used under the
continuum hypothesis (Popel and Johnson, 2005). In vessels

of a smaller diameter, a two-phase model is necessary. In order
to overcome the inherent singularity exhibited by the discon-
tinuous Herschel-Bulkley model and the associated imple-
mentation difficulties in computational codes, we adopted
the regularized version of the constitutive Eq. (3), as proposed
by Papanastasiou (1987):

τ ¼
τ0 1−e−m

:
γ

� �
:
γ

þ k
:
γ
n−1

8>><
>>:

9>>=
>>;

:
γ ð4Þ

where m is the stress growth parameter. Equation (5) is valid
uniformly at all levels of

:
γ and provides a satisfactory approx-

imation of the Herschel-Bulkley model for sufficiently large
values of m. It should be noted, however, that the value of m
must be chosen carefully, since very large values might lead to
convergence difficulties. Here, a value of m=1000 s−1 was
used. Given that the determination of the so-called unyielded
(τ≤ τ0) and yielded regions (τ> τ0) in the flow domain are not
of interest in the present work, this value of m is sufficiently
high. A discussion of the advantages and the disadvantages of
regularization methods and the alternative approaches is pro-
vided in the recent review by Balmforth et al. (2014).

For comparison purposes, we have calculated the charac-
teristic viscosity corresponding to the characteristic shear rate
(not the nominal high shear rate value) defined by
:
γc ¼ 8u= 3Rð Þ, where ū is the averaged mean inlet velocity
and R is the tube radius. Using R=3 mm and u ¼ 0:1ms�1

for the stenosis and R=2.973 mm and u ¼ 0:169ms�1 for the
carotid bifurcation, the values of the characteristic shear rate
were found to be 88.9 and 151.58 s−1, respectively. The char-
acteristic viscosity was then calculated as follows:

ηc ¼ η
:
γc
� �

¼ τ0
:
γc

1−e−m
:
γc

� �
þ k

:
γ
n−1

c ð5Þ

The dimensionless numbers of the flow, i.e., the Reynolds
number, Re, and the Bingham number, Bi, were spatiotempo-
rally averaged as follows:

Re≡
2ρuR
ηc

and Bi≡
2τ0R

ηcu
ð6Þ

The calculated values of Re, Bi, and ηc for volunteer B are
tabulated in Tables 2 and 3 for the stenosis and carotid bifur-
cation, respectively. With the above scalings, the dimension-
less growth parameter of the Papanastasiou regularization,
defined by M≡mū/R, is equal to 33,333 and 56,845 for the
flows in the stenosis and in the carotid bifurcation, respective-
ly. The latter values are rather high and ensure a good approx-
imation of the ideal Herschel-Bulkley model (Mitsoulis,
2007).

Table 1 Parameters of the Herschel-Bulkley model corresponding to
the different cases of rheological measurements taken at 37 °C

Volunteer A (Htc = 0.47, T= 37 °C)

Case A1
(blood)

Case A2
(oxygen)

Case A3
(nitrogen)

τ0 (Pa) 0.00610 0.00725 0.00530

k (Pa sn) 0.01086 0.01111 0.00960

n 0.810 0.820 0.828

Volunteer B (Htc = 0.42, T= 37 °C)

Case B1
(blood)

Case B2
(oxygen)

Case B3
(nitrogen)

τ0 (Pa) 0.00760 0.00799 0.00522

k (Pa sn) 0.00925 0.00965 0.00641

n 0.834 0.839 0.850
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As in our previous work (Valant et al., 2011), from the
discrete Fourier series of the physiological volumetric flow
rate measured in vivo by MRI (Fig. 4), the fully developed,
time-varying velocity profile was computed using
Womersley’s derivation and was then imposed as the time-
dependent inflow boundary condition. For the in vivo MR
measured flow waveform shown in Fig. 4, the period is
T=1.032 s. The Womersley parameter, defined by α=R(ω/
ν)1/2, where ω=2π/T is the fundamental frequency and ν is the
kinematic viscosity, was 4.017 and 4.054 for the carotid bifur-
cation and idealized stenosis, respectively, when a high shear
rate Newtonian viscosity of 3.5 cP is considered. A second-
order upwind discretization scheme was applied for both the
momentum and pressure equations, and the PISO scheme was
used for pressure velocity coupling. A time periodic solution
was achieved after three flow cycles.

It is widely recognized that the stresses exerted by the
flowing blood on the walls of arteries and blood vessels are

important in maintaining good cardiovascular health and that
atherosclerotic lesions appear and develop predominantly in
regions where the wall shear stress is low or oscillatory
(Caballero and Lain, 2015). The wall shear stress, WSS, and
the modified oscillatory shear index, OSI, are commonly used
in order to assess the atherogenic impact of the computed
hemodynamic environment. WSS is the tangential force
exerted on the arterial wall by the blood flow:

WSS≡η :
γ
� �∂ut

∂n

����
wall

ð7Þ

where ut is the tangential velocity vector and n is the direction
normal to the wall. OSI is used to obtain a measure of the
oscillatory motion of the wall shear stress vector, as both shear
vector magnitude and direction change with time in a contin-
uous fashion. If τ is the instantaneous wall shear stress vector
and T is the heart cycle period, the mean shear direction is
given by

nm≡
1

T

Z T

0

τ
τk k

� �
dt ð8Þ

Then the modified OSI is defined by

OSI≡

Z T

0
w τ⋅nmj jdtZ T

0
τ⋅nmj jdt

ð9Þ

where w=0.5(1− cosa) and a is the angle between τ and nm.
The values of the OSI range from 0 (unidirectional shear flow)
to 0.5 (purely oscillatory shear).

From the flow curves of the two blood samples presented
in Fig. 3 and the values of the dimensionless numbers present-
ed in Table 1, it is evident that under hypoxic conditions, the
measured rheological impact found is more profound in the
blood sample of the female volunteer (B) compared to that of
male volunteer (A). Thus, we have chosen data extracted from
volunteer B to assess the influence of oxygenation level on the

Table 2 Dimensionless numbers for flow in the idealized stenosis for
Volunteer B (Htc = 0.42)

Number Case B1
(blood)

Case B2
(oxygen)

Case B3
(nitrogen)

Re 140.72 131.93 189.16

Bi 0.1019 0.1004 0.0941

ηc 0.0045 0.0048 0.0033

Table 3 Dimensionless numbers for flow in the carotid bifurcation for
Volunteer B (Htc = 0.42)

Number Case B1
(blood)

Case B2
(oxygen)

Case B3
(nitrogen)

Re 259.28 242.42 345.42

Bi 0.0657 0.0646 0.0601

ηc 0.0041 0.0044 0.0031
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Fig. 4 Flow waveform applied at
the inlet of carotid bifurcation and
axisymmetric stenosis models
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hemodynamic environment in both the stenosis and the
healthy carotid bifurcation.

Flow in an idealized axisymmetric stenosis

The shape of the idealized axisymmetric stenosis is that pro-
posed by Tu and Deville (1996):

r ¼ R 1−
h
2

cosπx−1ð Þ
� 	

;
���x ��� < 1

R ; otherwise

8<
: ð10Þ

where h is the radius at the narrowest part of the stenosis neck
and R is the radius in the non-stenosed region. The post-
stenotic and pre-stenotic lengths are 30 and 4 inlet diameters,
respectively. Here, h=1.5 mm and R=3 mm to generate a
75 % by area stenosis. The computational domain was
discretized with ∼104 quadrilateral cells applying near wall
refinement and modeled as an axisymmetric problem.

Figure 5 shows a comparison of axial shear stress along the
stenosis wall between normal blood, oxygen-saturated and
oxygen-depleted blood states for volunteer B. The largest dif-
ferences appear very close to the location of maximum steno-
sis with oxygen-depleted blood exhibits the lowest levels of
wall shear stress. Negative values of axial wall shear stress are
due to the presence of post-stenotic recirculation regions. We
therefore further narrow down our analysis to compare these
two states in more detail. Toward this, we examine the distri-
bution of time averaged velocity magnitude along the symme-
try axis of the stenosis (Fig. 6).We note a sharper post-stenotic
velocity gradient for the oxygen-saturated case as compared to
the oxygen-depleted state indicating a faster post-stenotic

recovery of the flow perturbation caused by the flow contrac-
tion and expansion caused by the stenosis. A comparison of
contours of time averaged axial velocity for the oxygen-
saturated and oxygen-depleted states is shown in Fig. 7.
Note the significant difference in the size of the recirculation
region which is clearly delineated by the zero-velocity con-
tours. Figures 8 and 9 show snapshots of the axial velocity
distribution at end-diastole and peak systole. The difference in
the size of the post-stenotic recirculation regions between the
two blood oxygenation states is more pronounced at the end
diastolic phase with the largest regions associated with the
oxygen-depleted state.

Flow in a realistic carotid bifurcation

The carotid bifurcation has been selected for our numerical
hemodynamics simulations, as it is one of the most frequently
studied sites evaluating the hemodynamic hypothesis of ath-
erosclerosis (Aristokleous et al., 2011; 2015). Using a 3.0 T
Philips Achieva MRI instrument, a series of thin sequential
slices were obtained by 3D TOF (Time of Flight) methods,
covering the right carotid artery bifurcation of a healthy vol-
unteer in the supine position (Aristokleous et al., 2011). The
inflow and outflow boundary conditions were obtained by
MR phase contrast velocimetry at the limits of the TOF cov-
ered anatomic region. Segmentation and 3-D surface recon-
struction of the MR images were performed using purpose-
developed software. The surface of the 3-D true vessel lumen
was reconstructed from the segmented TOF images. Pixel
width constrained smoothing of the reconstructed surfaces
was applied and smoothly matched cylindrical extensions of
both inflow and outflow segments were added to facilitate the
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Fig. 6 Plot of averaged velocity magnitude along the symmetry axis for
volunteer B. Maximum stenosis located at x/D = 0; O: hyperoxic, N:
hypoxic
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Fig. 5 Plot of time averaged axial shear stress along the stenosis wall for
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application of fully developed boundary conditions for the
numerical simulation. The computational grid was generated
with ANSAv12 (Beta CAE Systems, Greece) using ∼7.5°105

mixed type elements with higher grid density in the vicinity of
the bifurcation and in the viscous layer adjacent to the wall
(Aristokleous et al., 2011). A 0.65/0.35 ICA/ECA flow split
was prescribed based on the in vivo MR phase contrast
velocimetry measurements.

Results from the numerical computations of the flow field
in the image-based physiological carotid bifurcation are pre-
sented in Figs. 10, 11, and 12 for the case of Volunteer B. The
distribution of cycle averaged wall shear stress magnitude is

depicted in Fig. 10. The wall area exposed to low WSS is of
importance as it provides an indication of the atherogenic
impact of the flow field. It appears that the spatial extent of
the low shear regions is larger in the oxygen-depleted blood
state as compared to the oxygen-saturated state. Furthermore,
from Fig. 11, it is evident that the wall region exposed to
highly oscillating shear, as measured by the OSI, another im-
portant hemodynamic index, is also slightly higher in the
oxygen-depleted state. Finally, regions of recirculation in the
context of the cycle averaged velocity field are depicted in
Fig. 12 as zero axial velocity iso-surfaces. Differences in the
spatial extent of the recirculation regions between the oxygen-

Fig. 7 Contours of time averaged
axial velocity (m/s) for volunteer
B. Zero-velocity contour shown
in white outlines the region of
flow reversal; O: hyperoxic, N:
hypoxic

Fig. 8 Contours of axial velocity
(m/s) at end-diastole for volunteer
B. Zero-velocity contour shown
in white outlines the region of
flow reversal; O: hyperoxic, N:
hypoxic

Fig. 9 Contours of axial velocity
(m/s) at peak systole for Volunteer
B. Zero-velocity contour shown
in white outlines the region of
flow reversal; O: hyperoxic, N:
hypoxic

Rheol Acta (2016) 55:921–933 929



saturated and oxygen-depleted states are not readily
appreciated.

Concluding remarks

In order to study the effect of oxygen concentration on blood
rheology, rheological measurements on two blood samples
(from a male and a female) have been carried out at different
oxygenation levels: oxygen-depleted, regular, and oxygen-
saturated blood. The rheological data were fitted to the
Herschel-Bulkley constitutive equation. Oxygen-induced
changes of the rheological parameters were less pronounced
in the case of the higher hematocrit (male) blood sample.
Hence, numerical simulations of blood flow were carried out
only for the lower hematocrit (female) sample. Results have

been obtained for flow in an idealized stenosis geometry and
in a realistic carotid bifurcation.

Blood without oxygen (hypoxic) was found to have lower
viscosity while blood saturated with oxygen (hyperoxic) has
higher viscosity than normal (normoxic) human blood. This
finding is obviously relevant to acute rather than chronic hyp-
oxia although both conditions have been reported to increase
blood viscosity in animal experiments, i.e., Yelmen et al.
(2011), Núñez-Espinosa et al. (2014), and Kang et al.
(2016), Kohl et al. (2015) with the exception of Esteva et al.
(2009) who found that the apparent blood viscosity is not
affected. The viscosity increase in these cases could be ex-
plained by the deformability of red blood cells, which depends
on the oxygen content in hemoglobin. The difference ob-
served between our results, based on experiments conducted
in vitro, and those reported in the literature conducted in vivo
may indicate that the effect of hypoxia on the rheological

Fig. 10 Contours of log time
averaged wall shear stress
magnitude in blood flow in a
carotid bifurcation (volunteer B);
O: hyperoxic, N: hypoxic

Fig. 11 Contours of Oscillatory
Shear Index (OSI) in blood flow
in a carotid bifurcation (volunteer
B); O: hyperoxic, N: hypoxic
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properties of blood results from a complex physiological re-
sponse that was not replicated in vitro. Therefore, the present-
ed numerical simulations should be simply viewed as a sup-
plement to the experimental in vitro measurements. More
work is required in order to simulate the effects of oxygen
on blood flow in a realistic carotid bifurcation. For example,
the effects on blood viscoelasticity and thixotropy and also on
the arterial wall properties should be taken into account. In
any case, the purpose of the simulations in a realistic carotid
bifurcation arterial segment model was to elucidate differ-
ences in rheology due to geometry and near wall parameters
such as the wall shear stress distribution and to see if changes
in oxygen concentration and as a result changes in blood vis-
cosity have a significant effect on the velocity distribution and
the wall shear stress.

Oxygen availability is a critical factor to metabolically reg-
ulate systemic and peripheral blood flow (in vivo regulation).
Interestingly, in the in vivo experiments on mice microcircu-
lation, hypoxic blood (10% oxygen) decreased the blood flow
through the peripheral blood vessels, while hyperoxia (100 %
oxygen) increased it in comparison to normoxia (20 % oxy-
gen) (Jia, 2011). To elaborate further on our findings, there is a
rationale—on the blood capillary level—to observe that hyp-
oxic blood exhibited lower viscosity (our in vitro finding)
since there is a decreased blood flow (of hypoxic blood)
through peripheral blood vessels (in vivo finding on C57BL/
6 adults mice), and vice versa is true for hyperoxic blood.
However, in some blood vessels, such as coronary arteries or
cerebral blood vessels, hyperoxia can be considered as a
strong vasoconstrictor stimulus (Farquhar, 2009).

On the level of carotid bifurcation, rheological properties
are important to evaluate the oxygen transport between the
blood and artery wall tissue (oxygen diffusion in the artery
wall). Differences in the blood flow pattern can lead to chang-
es in oxygen tension and oxygen wall flux (Tada, 2010). It is
important to notice that in urgent clinical situations, such as

stroke, traumatic brain injury, or acute coronary syndromes,
high-concentration oxygen therapy is considered an important
interventional procedure. Due to the vasoconstriction property
of hyperoxic blood on cerebral blood vessels and coronary
arteries, and combined with the observation that hyperoxic
blood exhibits higher viscosity (our findings), it is clear that
we need further studies to address the safety of this conven-
tional clinical approach. Also, blood hypoxia is quite com-
monly observed in physiological conditions (local perfusion
of skeletal muscles during physical activity) or under patho-
logical conditions (ischemia after stroke or acute myocardial
infarction).

Although oxygen concentration affects the rheological
properties of blood, these changes do not, however, appear
to have a strong impact on the hemodynamic environment in
the carotid bifurcation. Among the cases considered, the most
notable effect was found when the blood sample of volunteer
B was oxygen depleted by nitrogen saturation (Case B-N).
Figures 10 and 11 show an increase in the wall area exposed
to lowWSS and highOSI, respectively, resulting from oxygen
depletion in the blood sample. An increase in the flow reversal
region is noted in Fig. 12.

The results in the idealized axisymmetric stenosis model
indicate that there is an effect on the velocity field due to
changes in the rheological properties of blood which is most
notable between Case B-O and Case B-N. The reduction in
the WSS in Case B-N as compared to the oxygen-saturated
state (Case B-O) can be explained by the associated signifi-
cant reduction in the characteristic viscosity shown in Table 2.
It is also interesting to note the increase in the size of the post-
stenotic recirculation region due to the oxygen depletion
shown in Figs. 8 and 9.
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