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Abstract 
Cellular functions related to the maintenance of homoeostasis are regulated by shear forces sensed by endothelial 

cells. The endothelial cells sense local changes in shear stress. The resulting signals are either transduced into 
chemical responses or transmitted to the surroundings to regulate the cellular activity [1-5]. In the current literature, 
models of blood flow applied to the characterization of atherosclerotic plaques consider blood as a Newtonian fluid 
because of the characteristic length of the domain [5]. At predilection sites for plaque deposition, the diameter of the 
blood particles is much smaller than the normal arterial diameter. However, under disease condition, the proportions 
can dramatically change due to a reduction greater than 80% in the arterial cross-section, in cases of severe stenosis 
[6]. Here we show that in diseased arteries, the local particle concentration can peak at locations associated to high 
inflammation.
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Introduction
We found that such locations are correlated to the vulnerable plaque 

phenotype, which is prone to rupture [7]. Our results demonstrate that 
at locations of high particle concentration, blood particles change the 
shear stress distribution and magnitude. Therefore, the non-Newtonian 
blood flow assumption provides new insights in the characterisation 
of plaque built up. These results are combined to in-vitro experiments 
that suggest the influence of blood particles in the activity of cytokines. 
An unbalance in pro and anti-inflammatory cytokines has been 
associated to an increase in inflammation [3] and, consequently, in the 
volume of plaques forming. We anticipate our work to be a starting 
point for a more sophisticated multi-scale model, which combines 
experimental findings and computational modelling to characterize 
arterial segments affected by atherosclerosis. Such model includes a 
coupling between the distending arterial wall and the non-Newtonian 
blood flow. Cardiovascular diseases are the leading cause of human 
death and disability in the world, responsible for an estimated of 17.5 
million deaths in 2012, which accounted for 31% of the total global 
human mortality [8,9]. Indeed, the figures are increasing according to 
the 2015 updating reports [9,10]. The main contributor to this high 
mortality is atherosclerosis. Atherosclerosis is a lipid-centred, chronic 
inflammatory disease which involves plaque formation, and through 
plaque rupture leads to heart attack, stroke, gangrene and loss of 
function in the extremities [8-10]. The initiation and progression of 
atherosclerosis has been linked to disrupted blood flow patterns that 
occur at bifurcations, curved vessel segments and side-branching 
locations in the arterial system [11-13]. The shear stress exerted by the 
flow of blood on the inner lining of arteries (endothelium) is believed 
to play a crucial role in initiating, and progressing atherosclerosis [13-
16]. Lower-than-physiological shear stress values with our without 
oscillations are considered particularly atherogenic as it induces 
endothelial dysfunction which leads to plaque deposition [1,14-
22]. Numerous mechanisms that contribute to plaque progression 
have been unveiled but the underlying cellular and molecular 
processes are not fully understood [1-14]. Endothelial cell apoptosis 
enhances the arterial wall permeability which results in fatty material 
accumulation in the arterial wall and the unbalance in pro and anti-
inflammatory cytokines yields increasing inflammation. Experimental 
and computational models of atherosclerosis are used to characterize 
mechanisms involved in plaque initiation and development [20,23,24]. 
However, both experimental and computational models have 

limitations - precise or high resolution measurements are not always 
possible and the technology necessary to obtain detailed fully-coupled 
computational results are rarely available. The mathematical design 
and the computational implementation of such models are a challenge. 
It is important to understand these limitations and to evaluate the 
relevance of some assumptions when translating conclusions made 
using a certain environment (e.g., animal model or computational) 
into clinical applications (in humans), in order to consistently progress 
towards improving current treatments. In this sense, we anticipate 
our work to be a starting point for a more sophisticated multi-scale 
approach, which combines experimental findings and computational 
modelling to characterize arterial segments affected by atherosclerosis. 
Until now, the computational modelling carried out to understand the 
effect of shear stress in the development of atherosclerosis considered 
the blood a Newtonian fluid, effectively neglecting the blood cells which 
account for up to 45% of the blood volume and possess non-Newtonian 
properties [25]. In this study we model blood as a non-Newtonian 
fluid, taking into account the interactions in between blood cells and 
between the blood cells and the arterial vessel wall. We infer that the 
non-Newtonian blood flow assumption provides new insights in the 
computational characterisation of plaque build-up, as blood particles 
might change the flow characteristics and the resulting shear forces 
sensed by the endothelium. Therefore, improving the characterisation 
of the biophysical environment by using models that more realistically 
approximate shear stress at locations of plaque deposition is crucial in 
offering a more accurate and detailed understanding into the mechanism 
of the atherosclerosis initiation and development. Additionally, this 
advanced understanding of the disease process could lead to more 
efficient clinical prevention and treatment of cardiovascular diseases 
in patients. Our main focus lies on computational models that can 
be used to support clinical applications. Atherosclerosis is a complex 
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(PEG) was cultured for up to 6 passages at 37°C, saturated humidity 
and 5% (v/v) CO2, in 85% DMEM supplemented with 10% FCS, 2.5% 
L-Glutamine, 1.25% PenStrep, and 1.25% Hepes buffer.

Erythrocytes purification and storage for the multiphase 
microfluidic experiments

Whole blood was collected in Sodium Heparin. This was transferred 
to a PBS buffer solution (pH=7.2, 2 mM EDTA) in 50 ml conical tubes. 
The tubes were centrifuged at 400 g for 20 min, at 4°C, using a swinging 
bucket rotor without brake; the process was repeated when required 
until the pellet was fully formed. The erythrocytes were re-suspended 
in Hanks Balance Salt Solution with glucose at 45% hematocrit, and 
stored at 4°C. 

Electroporation transfection of siKLF2 to down-regulate 
KLF2

Primary PAECs were electroporated in situ in their adherent state 
on Indium Tin Oxide coated electrically conductive glass slides using 
a bespoke electroporation technique [34] with 33 µM siKLF2 solution.

Flow experiments

The above mentioned bespoke electroporation setups were 
converted into flow channels by mounting bottomless self-adhesive flow 
chambers (IB-80168) from ibidi GmbH on top of the electroporation 
wells. A flow setup consisting of the flow channel, a peristaltic pump, 
platinum-cured silicone tubing, and a bubble catcher media reservoir 
was used to expose PAECs to physiological 1.5 to 2 Pa shear stress for 24 
hours [34]. Images of cell phenotypes were recorded using a Leica DM 
IL LED-DFC290 phase contrast microscope with the 10X objective. 

Microfluidic experiments

Three different sets of EA.hy926-based experiments were carried 
out, exposing cells to 0.5 to 1.0 Pa shear stress: (1) for 24 hours at 37°C 
saturated humidity and 5% (v/v) CO2, without erythrocyte addition, 
(2) for 6 to 8 hours at room temperature (~20°C) without erythrocyte
addition, (3) for 6 to 8 hours at room temperature (~20°C) with
erythrocyte addition.

Results 
Computational blood flow

Both computational and experimental results suggest that in 
diseased arteries, the peak of particle concentration was registered at the 
location of higher constriction. Our computational results demonstrate 
that at locations of high particle concentration -- Figure 1c -- the blood 
particles change the velocity distribution and, consequently, the shear 
stress distribution and magnitude (cf. shear map), Figure 1b. The 
haematocrit is of about 45% of the cross-sectional area. Comparing the 
velocity distribution in Figure 1 (top-right) with the results for the single 
phase flow simulation in Figure 1a, we can appreciate differences in 
the flow magnitude varying between 5 and 45%. Additionally, the wall 
shear stress (WSS) is directly correlated with the particle distribution. 
At blue regions the fluid fraction is low and the particle concentration 
is high. Therefore, we can appreciate on Figure 1b that flow velocities 
are lower where particle densities are higher (Figures 1c). The indicated 
Re number (Figure 1) was determined by physiological values from the 
literature [35] and in vivo measurements in a mouse carotid artery. 
We hypothesises that the changes in the wall shear stress (WSS) due 
to the blood particles are directly related to plaque formation. The 
WSS correlates with velocity patterns and is sensed by the endothelial 

disease related to diverse physiological mechanisms. Indeed, prior 
research suggests that the Krüppel-like factors (KLFs) family regulates 
inflammation by affecting the expression of cytokines [26,27]. 

Methods
Computational Methodology

The non-Newtonian blood flow is here modelled using a multiphase 
technique [23,28-31]. The continuous phase (the plasma) is assumed 
to be incompressible and Newtonian. This is described through the 
Navier-Stokes equations, as shown in Equations 1 and 2.

1á p + °∇ = − −∇ + ∇ + 
 

udá   
dt Re 
u u u f              (1)

( ) 0∇° =uá     (2)

The terms α, f, p, t and Re represent the fluid volume fraction, 
the source terms, the hydrostatic pressure, the time and the Reynolds 
number, respectively. The term u is the fluid velocity component, which 
read ux, uy or uz according to the direction of reference in Cartesian 
notation. The Reynolds number is a non-dimensional quantity that 
defines the balance between the inertial and viscous contributions to 

flow. The term du
dt

in the momentum equation is the time derivative, 

which accounts for the unsteady phenomena, and the terms (u°∇u), 
1 ∆ 

 Re 
u , and ∇p represent respectively the convective, the diffusive,

and the pressure driven flow effects. Incompressibility is achieved 
by including the constraint (α(∇°u)=0), which stands for the mass 
conservation equation. The discrete phase - consisting of erythrocytes 
- is represented by a set of spherical particles, whose behaviour is
described by the Newton second law of motion, as shown in Equation 3.

= = +p p drag lift m   f a f f   (3)

The term fp represents the forces acting on particles as a function of 
the inertial mass of the particles (mp) and the acceleration (α)-- this is 
the first derivative of the canonical moment. In this study, the force is 
translated into the drag and the lift forces, fdrag and flift, respectively. The 
constraints related to the artery wall-plasma interaction are described 
through non-slip boundary conditions. Both the particle-particle 
and the particle-wall interactions are represented by a variation of 
the Hooke’s law of elasticity [23,32]. We use a soft-sphere model of 
collisions (DEM), as previously described [28]. The values of reference 
to characterise the plasma, the arterial wall, and the erythrocytes were 
extracted from a previous study [23]. A Poiseuille velocity profile is 
prescribed at the inlet. At the outlet a convective flow regime was 
modelled. A pulse wave form is introduced at the inlet to simulate the 
pumping heart.

Primary cell isolation and culture

Primary porcine aortic endothelial cells (PAECs) were isolated as 
previously described [33,34] from thoracic aorta segments obtained 
from approximately 6 month old domestic pigs (Sus scrofa domesticus) 
and cultured for up to 5 passages at 37°C, saturated humidity and 5% 
(v/v) CO2 in DMEM supplemented with 5 mM L-Glutamine, 5 µg/ml 
EC growth factors, 90 µg/ml heparin and 10% (v/v) foetal calf serum.

EA.hy926 cell culture

Primary human umbilical vein cell line fused with a thioguanine-
resistant clone of A549 (EA.hy926) by exposure to polyethylene glycol 
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cells. As mentioned, these mechanisms contribute to cellular activities 
involved in plaque built up [1-3,20]. Therefore, at sites of increasing 
cellular activity due to inflammation the blood particles, the outcomes of 
atherosclerosis might be affected. Indeed, Figure 2 shows recirculation 
forming downstream of the stenosis. It is important to observe that 
due to their density erythrocytes behave as fluidized particles, meaning 
they follow the plasma stream-lines [28]. Thus, while the flow at large 

scale and healthy arteries is predominantly convective [23], under 
disease condition, disturbed flow conditions that induce vortexes and 
jets, might affect homeostasis. As a matter of fact, the characteristics 
of the vortex and jet shown on Figure 2 indicate that blood particles 
might affect near wall phenomena, as suggested by the results shown 
on Figure 1. Additionally, these particles might interact with both the 
plaque and the endothelium, influencing atheroma development at the 
respective location.

In vitro assessment of signalling pathways modulated by the 
blood particles

The focus of this study is on flow and, consequently, on shear 
stress modulated or affected by the dynamics of blood particles and 
its effects on cellular functions. Blood particle-altered shear stress 
may induce numerous physiological changes to cells via different 
signalling pathways. Therefore, we started our experimental study by 
assessing the effects of pulsatile flow on cell alignment. We identified 
differences in endothelial cell alignment resulting from differences in 
the KLF2 activity due to flow disturbances caused by physiologically 
relevant pulsatile flow conditions. Figure 3 illustrates the influence of 
oscillatory shear stress on endothelial cell morphology mediated by 
KLF2. Fluctuations in the shear stress affect cell alignment, Figures 
3b and 3d. This supports the hypothesis derived from the former 
computational results. Moreover, this observation reinforces the 
assumption that both the shear distribution and magnitude correlate 
with the patterns of cellular alignment. Therefore, this indicates that 
the differences in the flow features due to blood particles as showed 
in Figures 1 and 2 might have local effects on signalling pathways 
modulated by the wall shear stress. As a consequence, the distribution 
of blood particles and their interactions might affect homeostasis. 
Under disease condition, this might enhance molecular unbalance 
related to increasing inflammation, at locations of plaque deposition. 
Then, the cells were subjected to oscillatory shear stress for 24 hours. 
The cells align indicating that the electroporation procedure does not 
significantly affect the cells properties. 10X microscope objective was 
used to record all images. The former evidences drove our attention 
towards the in vitro assessment of the role of erythrocytes in pro-
inflammatory signalling pathways related to atheroma formation 
[26,27,36,37]. Indeed, our experimental findings suggest that the flow 
characteristics modified by the erythrocytes affect the endothelial 

Figure 2: Illustration of the axial velocity (m/s) in a mouse carotid artery at 
different cross-sections, with Re=58: The flow direction is indicated by the 
arrows. The stream lines are shown down-stream of the stenosis, at the top-
left view. The region of recirculation is clearly observed.

Figure 1: Rheological flow in a mouse carotid artery, at Re=58: Cross-
sectional view of the stream-wise velocity. a) Single-phase flow velocity in 
m/s; b) multiphase flow velocity in m/s; c) fluid distribution at an arterial cross-
section (0-100%).
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cells alignment and, consequently, this might affect the expression of 
cytokines regulated by KLF2. Indeed, Figure 4a shows the static control 
pattern for cell alignment analysis -- endothelial specific cobblestone 
morphology. Subsequently, the cells were exposed to single-phase flow 
for 6, 8, and 24 hours. Since the blood samples were stored at 4°C and 
endothelial cells incubated at 37°C, flow experiments accommodating 
both cell types were carried out under a compromise temperature 
(room temperature, ~20°C) for a period of 6 to 8 hours. Under these 
conditions both cell types remained viable and the flow experiments 
could be performed. Phase contrast microscopy images of endothelial 
cells exposed to shear stress of between 0.5 and 1 Pa for 6 hours at 
20°C without blood cells, and resulting flow-alignment patterns are 
shown in Figure 4b. The blood cells were then introduced and the 
differences in the endothelial cells alignment assessed (Figure 4c). The 
above range of shear stress was applied, because this promotes the 
physiological conditions in which vulnerable plaques occurs, in nature. 
We appreciate differences in cell alignment due to blood cells. Both 
the cell shape and the alignment patterns change with the erythrocytes. 
Indeed, in the two-phase flow experiments (Figure 4c), the cells shape 
is similar to the cobblestone morphology found in the static control 
(Figure 4a). This indicates differences in mechanical forces applied 
by the blood on the endothelium. The former results from the flow 
laminarization induced by the erythrocytes, which correlates to the 
computational results described via the Figures 1 and 2. Indeed, the 
difference between the two-phase flow cells morphology (Figure 4c) 
and the single-phase ones (Figure 4b) is pronounced. We infer that this 
difference might cause changes in the activity of cytokines, because this 
activity is modulated by both the intensity and the distribution of the 
mechanical forces above mentioned. Indeed, together, prior research in 
the field [1,19,20] identified cell alignment-driven protein expression. 
Moreover, comparing Figures 4b and 4c we can appreciate that not 
only cells align in conformation with the flow recirculation but that the 
cells morphology varies due to erhytrocytes. It is broadly reported in 
the literature that the endothelial cells alignment indicates differences 
in protein expression, via differences in the detection of shear forces 

that are applied by the blood onto the artery wall [1-3,8]. Therefore, 
we infer that blood particles modify biomechanical flow condition 
that affect the shear stress alignment functionality of endothelial cells, 
and are consequently related to signalling pathways that promote 
atherosclerotic plaques development. We have carried out 40 sets of 
experiments on cell alignment under different flow conditions and 100 
computational simulations. For the same setup, the achieved results 
exhibited a high level of similarity, differing from each other in about 
2%. Moreover, during model validation [29,30,34], we achieved a high 
level of accuracy comparing our results with the literature.

Conclusions, Final Remarks and Research Directions
In this work, we presented the outcomes of the application 

of a new computational model of blood-flow in diseased arteries. 
The findings are supported by initial experimental evidences. We 
anticipate our work to be a starting point for a more sophisticated 
multi-scale haemorheological model of atherosclerosis that combines 
computational simulations and an in vitro feedback system. We infer 
that the non-Newtonian blood flow assumption provides new insights 
in the computational characterisation of plaque initiation and built-
up [23,29,30]. We have shown that blood particles change the flow 
characteristics and the resulting shear forces sensed by the endothelium. 
Our results also indicate that differences in the flow magnitude and 
distribution can lead to different cellular responses. The activation of 
different mechanisms can yield various responses that might affect the 
progression of the disease. Therefore, by employing computational 
models that more realistically represent the complex multi-phase 
biophysical environment a higher accuracy understanding of shear 
stress-driven atherosclerosis development can be achieved. The higher 
degree of understanding promoted by such a model can unveil crucial 
mechanisms that are currently unknown. Furthermore, this detailed 
understanding of plaque formation can be used by medical experts to 
guide the prevention and treatment of the atherosclerotic condition.

In this sense, we conclude this study by answering some questions 
and by formulating new ones:

• It is well known that the blood particles have a fundamental role
in physiology and that abnormal cellular activities promote
pathologies. The erythrocytes transport nutrients and oxygen. 
The platelets are activated and initiate the signalling pathway 
that goes from fibrinogen recruitment to the integrin-
bounding of some extracellular matrix compounds during 
hilling. Moreover, during inflammation, pro-inflammatory 
cytokines respond to an oxidative environment by recruiting 
monocytes, which differentiate into macrophages in atheroma 
development. Erythrocytes normally constitute 40% to 45% of 
the total blood volume, however, the effects erythrocytes on 
bio-mechanical responses in macro-circulation are commonly 
neglected. In the context of atherosclerosis, our results 
suggest that the effect of erythrocytes on shear stress profiles 
are important as proven both by computational modelling 
of atheroma development and by in vitro cell culture flow 
experiments, as shear stress profiles seem to be related to the 
regulation of cellular functions.

• Through this study, the fundamental question we have asked is 
at which extent the findings resulting from models of a disease
are appropriate to be translated into clinical applications. As
mentioned, both experimentation and computation have
limitations. Therefore, what are the implications of simplifying 
assumptions in the clinical context? Moreover, if a certain

Figure 3: Deleting shear stress alignment from primary endothelial 
cells:  a) Cell cultured under static (no flow) condition without KLF2 down-
regulation. The cell monolayer presents the endothelial specific cobblestone 
morphology; b) Cells exposed to 15-20 dyne/cm2 shear stress generated 
by the flow of culture media for 24 hours, without down-regulating KLF2 
expression. The cells align following flow patterns resulting from a pulsatile 
inlet; c) Cells electroporated with siRNA, which targets and down-regulates 
KLF2 expression. Subsequently, 15-20 dyne/cm2 shear stress generated by a 
pulsatile flow was applied to the cells for 24 hours. KLF2 down-regulation with 
siRNA technology deleted the shear stress alignment functionality from the 
endothelial cells; d) Cells electrophorated with siRNA which does not target 
any gene in the genome.
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criteria does not apply in humans, can it be neglected in either 
the experimental or the computational approaches used to 
understand the development of a certain disease? It is clear that 
the environment changes. Therefore, the concept of “realistic 
conclusion” might be associated to the appropriateness of the 
considerations made. Regulatory authorities as the Food and 
Drug Administration (FDA), the European Medicines Agency 
(EMA), the Committee for Medicinal Products for Human Use 
(CHMP), the Committee for Advanced Therapies (CAT), and 
the Pharmacovigilance Risk Assessment Committee (PRAC) 
have guidelines for translational and clinical research. To 
exemplify, these authorities have clear and strict rules for drug 
trials when moving from animal models to clinics. However, 
new discoveries from the basic research might be an important 
element in promoting new policies. Therefore, investigating 
the relevance of computational and experimental models of 
diseases might be a critical factor in biomedical research.

• Finally, how close are we of providing systems that efficiently
deal with fully integrated multi-layer biological processes and
predict and explain critically important biomedical issues? We
actually do not have that answer. However, we anticipate our
work to be the basis of a more sophisticated haemorheological
model of atherosclerosis, to consistently support translational
research and clinics.

Both current and future research involves the development of 
immunofluorescence assays for the assessment of the expression 
of the KLF2, the KLF4, and the IL-1b [38,39], in living cells, 
under multiphase flow condition. This is being combined to high 
performance computation [40], in a possibly adaptive environment, 
by using machine learning techniques. Moreover, the EA.hy926 is 
an immortalized cell line (aka. cancer cells), they do not behave as 
primary cells. Primary cell functions in cells line (e.g., flow alignment) 
are different from functions in primary cells. Therefore, 6 hours might 
be a short period to fully observe EA.hy926 cells alignment. Hence, we 
might compare the results here presented with experiments based on 
protein expression in HUVECs.

References

1. Li S (2005) Mechanotransduction in endothelial cell migration. J Cellular 
Biochem 96: 1110-1126.

2. Maurovich-Horvat P (2014) Comprehensive plaque assessment by coronary 
CT angiography. Nat Rev Cardiol 11: 390-402.

3. Humphrey JD (2014) Mechanotransduction and extracellular matrix 
homeostasis. Nat Rev Mol Cell Biol 15: 802-812.

4. Chatzizisis YS (2007) Role of endothelial shear stress in the natural history 
of coronary atherosclerosis and vascular remodeling: molecular, cellular, and
vascular behavior. J Am Coll Cardiol 49: 2379-2393.

5. Cunningham KS (2005) The role of shear stress in the pathogenesis of
atherosclerosis. Lab Invest 85: 9-23.

6. Gilsbach JM (2013) Intraoperative Doppler Sonography in Neurosurgery. 
Springer.

7. Weber C, Noels H (2011) Atherosclerosis: current pathogenesis and therapeutic 
options. Nat Med 17: 1410-1422.

8. Alsheikh-Ali AA (2010) The vulnerable atherosclerotic plaque: scope of the 
literature. Int Med 153: 387-395.

9. World Health Organization (2015) Available from: http://www.who.int/
cardiovascular_diseases/en/ . Accessed on: 23rd December 2015.

10. World Health Organization (2014) Global status report on noncommunicable 
diseases. ISBN: 9789241564854.

Figure 4: EA.hy926 alignment under different flow conditions - bright-field 
images: a) Control -- Cells cultured under static conditions (no flow) for 6 
hours. The cell monolayer presents the endothelial specific cobblestone 
morphology; b) Cells exposed to 0.5-1.0 Pa shear stress generated by the 
flow of culture media for 6 hours, without erythrocytes. The cells align following 
pulsatile flow conditions; c) Two-phase flow experiments (erythrocytes at 
about 45% haematocrit) in which the cells are exposed to 0.5-1.0 Pa pulsatile 
shear stress for 6 hours.

https://en.wikipedia.org/wiki/Food_and_Drug_Administration
https://en.wikipedia.org/wiki/Food_and_Drug_Administration
https://en.wikipedia.org/wiki/Committee_for_Medicinal_Products_for_Human_Use
https://en.wikipedia.org/w/index.php?title=Committee_for_Advanced_Therapies&action=edit&redlink=1
http://search.proquest.com/openview/26140e7c49be405778a1af189c7e838d/1?pq-origsite=gscholar&cbl=2041938
http://search.proquest.com/openview/26140e7c49be405778a1af189c7e838d/1?pq-origsite=gscholar&cbl=2041938
http://www.nature.com/nrm/journal/v15/n12/abs/nrm3896.html
http://www.nature.com/nrm/journal/v15/n12/abs/nrm3896.html
https://auth.cardiosource.org/EasyConnect/Integration/Post.aspxhttp:/www.ncbi.nlm.nih.gov/pubmed/?term=Chatzizisis YS%5BAuthor%5D&cauthor=true&cauthor_uid=17599600
https://auth.cardiosource.org/EasyConnect/Integration/Post.aspxhttp:/www.ncbi.nlm.nih.gov/pubmed/?term=Chatzizisis YS%5BAuthor%5D&cauthor=true&cauthor_uid=17599600
https://auth.cardiosource.org/EasyConnect/Integration/Post.aspxhttp:/www.ncbi.nlm.nih.gov/pubmed/?term=Chatzizisis YS%5BAuthor%5D&cauthor=true&cauthor_uid=17599600
http://www.nature.com/labinvest/journal/v85/n1/abs/3700215a.htmlhttp:/www.ncbi.nlm.nih.gov/pubmed/?term=Cunningham KS%5BAuthor%5D&cauthor=true&cauthor_uid=15568038
http://www.nature.com/labinvest/journal/v85/n1/abs/3700215a.htmlhttp:/www.ncbi.nlm.nih.gov/pubmed/?term=Cunningham KS%5BAuthor%5D&cauthor=true&cauthor_uid=15568038
https://books.google.co.in/books?hl=en&lr=&id=qEsIBgAAQBAJ&oi=fnd&pg=PP10&dq=Intraoperative+Doppler+Sonography+in+Neurosurgery&ots=xW4nrpsG0o&sig=22ANNrv9p2zWGKxNj3_0uAGpeW4#v=onepage&q=Intraoperative Doppler Sonography in Neurosurgery&f=false
https://books.google.co.in/books?hl=en&lr=&id=qEsIBgAAQBAJ&oi=fnd&pg=PP10&dq=Intraoperative+Doppler+Sonography+in+Neurosurgery&ots=xW4nrpsG0o&sig=22ANNrv9p2zWGKxNj3_0uAGpeW4#v=onepage&q=Intraoperative Doppler Sonography in Neurosurgery&f=false
http://www.nature.com/nm/journal/v17/n11/abs/nm.2538.html
http://www.nature.com/nm/journal/v17/n11/abs/nm.2538.html
http://annals.org/article.aspx?articleid=746110
http://annals.org/article.aspx?articleid=746110


Citation: Pereira GC, Zoltan K (2016) A Multi-Layer Non-Newtonian Model of Cardiovascular Inflammation. J Biomed Eng Med Devic 1: 117 DOI:  
10.4172/2475-7586.1000117. 

Page 6 of 6

Volume 1 • Issue 3 • 1000117J Biomed Eng Med Devic, an open access journal

11. World Health Organization (2016) Cardiovascular diseases. Fact Sheet N 317. 
Updated 2015. Accessed on: 27th March 2016.

12. Ross R (1993) The pathogenesis of atherosclerosis: a perspective for the
1990s. Nature 29: 801-809.

13. DeBakey ME (1985) Patterns of atherosclerosis and their surgical significance. 
Ann Surg 201: 115-131.

14. Gimbrone MA (2000) Endothelial dysfunction, hemodynamic forces, and
atherogenesis. Ann NY Acad Sci 902: 230-240.

15. Zarins CK (1983) Carotid bifurcation atherosclerosis. Quantitative correlation
of plaque localization with flow velocity profiles and wall shear stress. Circ Res 
53: 502-514.

16. Malek AM (1999) Hemodynamic shear stress and its role in atherosclerosis.
JAMA 282: 2035-2042.

17. Nigro P (2011) Flow shear stress and atherosclerosis: a matter of site specificity. 
Antioxid Redox Signal 15: 1405-1414.

18. Neuhofer A (2014) An accelerated mouse model for atherosclerosis and
adipose tissue inflammation. Card Diab 13: 1-12.

19. Slager CJ (2005) The role of shear stress in the generation of rupture-prone 
vulnerable plaques. Nat Clin Pract Cardiovasc Med 2: 401-407.

20. Tedgui A, Mallat Z (2006) Cytokines in atherosclerosis: pathogenic and
regulatory pathways. Physiol Rev 86: 515-581.

21. Caro CG (1971) Atheroma and arterial wall shear. Observation, correlation and 
proposal of a shear dependent mass transfer mechanism for atherogenesis.
Proc R Soc Lond B Biol Sci 177: 109-159.

22. Cheng C (2006) Atherosclerotic lesion size and vulnerability are determined by 
patterns of fluid shear stress. Circulation 113: 2744-2753.

23. Pereira GA (2015) Multiscale haemorheological computer-based model of
atherosclerosis. PhD Thesis, Imperial College London, London, UK.

24. Davis PF (2009) Hemodynamic shear stress and the endothelium in 
cardiovascular pathophysiology. Nat Clin Pract Cardiovascular Med 6: 16-26.

25. Chiras DD (2013) Human Biology. 8th edn. Jones and Bartlett Learning LLC.

26. Banerjee S (2004) KLF2 is a novel transcriptional regulator of endothelial 

proinflammatory activation. J Exp Med 199: 1305-1315.

27. Liu J (2012) Krüppel-like factor 4 inhibits the expression of interleukin-1 beta 
in lipopolysaccharide-induced RAW264.7 macrophages. FEBS Letters 586: 
834-840.

28. Crowe C (1998) Multiphase flows with droplets and particles. 2nd edn. CRC Press.

29. Pereira G (2013) An iterative incompressible immersed boundary method
applied to biofluid-structure interaction problems. 57th Annual Meeting of the 
Biophysical Society. Biophysical Journal 104: 508a-509a.

30. Pereira G (2014) Modelling the mechanics of the circulation: blood rheology and 
atherosclerosis. 58th Annual Meeting of the Biophysical Society. Biophysical
Journal 106: 376A.

31. van Wachem GB (2003) Methods for multiphase computational fluid dynamics. 
Chem Eng J 96: 81-98.

32. Tsuji Y (1993) Discrete particle simulation of gas-solid flow. KONA, p: 11.

33. Carrillo A (2002) Isolation and characterization of immortalized porcine aortic 
endothelial cell lines. Vet Immunol Immunopathol 89: 91-98. 

34. Kis Z (2014) An in-situ electroporation and flow device for mechanotransduction 
studies. In: Rogers JV (ed). Microarrays: Principles, Applications and 
Technologies. pp: 49-68.

35. Kim Y (2012) Blood cell an overview of studies in hematology. INTECH.

36. Kazakidi A (2011) Effect of reverse flow on the pattern of wall shear stress near 
arterial branches. JR Soc Interface 8: 1594-1603.

37. Dong MJ (2014) The transcription factor KLF4 as an independent predictive 
marker for pathologic complete remission in breast cancer neo-adjuvant
chemotherapy: a case-control study. Onco Targets Ther 7: 1963-1969.

38. Cheng C (2007) Shear stress-induced changes in atherosclerosis plaque 
composition are modulated by chemokines. J Clin Invest 117: 616-626.

39. Rosenfeld ME (2015) Converting smooth muscle cells to macrophage-like cells 
with KLF4 in atherosclerotic plaques. Nat Med 21: 549-551. 

40. Pereira G (2015) Forecasting vulnerable plaque response to haemorheological 
flow: the development of a non-Newtonian fluid-structure interaction model of 
atherosclerosis. Seminar and Series, Institute for Mathematics and Computer
Sciences, University of Sao Paulo - USP, Brazil.

http://www.nature.com/nature/journal/v362/n6423/abs/362801a0.html
http://www.nature.com/nature/journal/v362/n6423/abs/362801a0.html
http://jama.jamanetwork.com/article.aspx?articleid=192161
http://jama.jamanetwork.com/article.aspx?articleid=192161
http://online.liebertpub.com/doi/abs/10.1089/ars.2010.3679
http://online.liebertpub.com/doi/abs/10.1089/ars.2010.3679
https://cardiab.biomedcentral.com/articles/10.1186/1475-2840-13-23
https://cardiab.biomedcentral.com/articles/10.1186/1475-2840-13-23
http://www.nature.com/nrcardio/journal/v2/n8/full/ncpcardio0274.html
http://www.nature.com/nrcardio/journal/v2/n8/full/ncpcardio0274.html
http://physrev.physiology.org/content/86/2/515.short
http://physrev.physiology.org/content/86/2/515.short
http://rspb.royalsocietypublishing.org/content/177/1046/109.short
http://rspb.royalsocietypublishing.org/content/177/1046/109.short
http://rspb.royalsocietypublishing.org/content/177/1046/109.short
http://circ.ahajournals.org/content/113/23/2744.short
http://circ.ahajournals.org/content/113/23/2744.short
http://www.nature.com/nrcardio/journal/v6/n1/full/ncpcardio1397.html
http://www.nature.com/nrcardio/journal/v6/n1/full/ncpcardio1397.html
http://www.jblearning.com/catalog/9781284031812/
http://jem.rupress.org/content/199/10/1305.abstract
http://jem.rupress.org/content/199/10/1305.abstract
http://www.sciencedirect.com/science/article/pii/S0014579312001111
http://www.sciencedirect.com/science/article/pii/S0014579312001111
http://www.sciencedirect.com/science/article/pii/S0014579312001111
https://books.google.co.in/books?hl=en&lr=&id=XewhTKFFv4EC&oi=fnd&pg=PP1&dq=Multiphase+flows+with+droplets+and+particles&ots=k9A44rbxh5&sig=aa28JREvD3UyqxEXhZSQ9tlsiTA#v=onepage&q=Multiphase flows with droplets and particles&f=false
http://www.cell.com/biophysj/abstract/S0006-3495(12)04054-4
http://www.cell.com/biophysj/abstract/S0006-3495(12)04054-4
http://www.cell.com/biophysj/abstract/S0006-3495(12)04054-4
http://www.cell.com/biophysj/abstract/S0006-3495(13)03385-7
http://www.cell.com/biophysj/abstract/S0006-3495(13)03385-7
http://www.cell.com/biophysj/abstract/S0006-3495(13)03385-7
http://www.sciencedirect.com/science/article/pii/S1385894703002390
http://www.sciencedirect.com/science/article/pii/S1385894703002390
http://www.sciencedirect.com/science/article/pii/S0165242702001708
http://www.sciencedirect.com/science/article/pii/S0165242702001708
http://www.intechopen.com/books/blood-cell-an-overview-of-studies-in-hematology
http://rsif.royalsocietypublishing.org/content/8/64/1594.short
http://rsif.royalsocietypublishing.org/content/8/64/1594.short
http://www.jci.org/articles/view/28180#sd
http://www.jci.org/articles/view/28180#sd
http://www.nature.com/nm/journal/v21/n6/abs/nm.3875.html
http://www.nature.com/nm/journal/v21/n6/abs/nm.3875.html

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Methods
	Computational Methodology 
	Primary cell isolation and culture 
	EA.hy926 cell culture 
	Erythrocytes purification and storage for the multiphase microfluidic experiments 
	Electroporation transfection of siKLF2 to down-regulate KLF2 
	Flow experiments 
	Microfluidic experiments 

	Results
	Computational blood flow 
	In vitro assessment of signalling pathways modulated by the blood particles 

	Conclusions, Final Remarks and Research Directions 
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	References

