
Radiophysics and Quantum Electronics, Vol. 63, Nos. 9–10, February–March, 2021
(Russian Original Vol. 63, Nos. 9–10, September–October, 2020)

LOSS OF STABILITY OF THE BLOOD LIQUID STATE AND ASSESSMENT
OF SHEAR-INDUCED THROMBOSIS RISK

D.M.Pushin,1,2∗ T.Yu. Salikhova,1,2

L. S. Biryukova,1 and G.Th.Guria 1,2 UDC 51-76+577.359

The loss of stability of the blood liquid state causes changes in the blood aggregation, resulting
in thrombus formation. Intravascular thrombus formation is intensely studied within modern
biophysics by the methods of mathematical simulation. Determining the conditions of shear-
induced platelet activation has opened an opportunity for the estimation of thrombus formation
risks in particular clinical settings. In this paper, a new approach is proposed to determine the
risks of shear-induced thrombus formation. This approach is applicable for a wide range of objects
including aorta and mechanical circulatory assist devices. The geometry of the vascular walls in
numerical experiments is chosen to be isomorphic to that of the blood vessels in a human body.
Promising ways to reduce the risks of thrombus formation activation in high blood flows have
been found. The developed technique can be used by physicians to plan personalized strategies for
antithrombotic therapy based on individual shear-induced platelet activation risks.

1. INTRODUCTION

Methods of nonlinear dynamics are intensely used to determine the conditions of destabilization of
vital regulation systems of the human body [1, 2]. One of such systems is the blood coagulation system, the
disorder of which leads to the development of serious thrombotic complications. Analysis of the blood liquid
state stability shows that the conditions for initiating intravascular blood coagulation depend significantly
on the blood flow pattern [3, 4].

In low blood flows (in venules, arterioles, and capillaries), the blood coagulation is usually initiated by
damaging the vascular wall. In high flows (in large arteries), intravascular coagulation can be enabled by the
flow itself without violating the vessel integrity [5, 6]. Thrombus formation activation in large arteries is of
great clinical interest due to the risk of complications that it can lead to (heart attacks and strokes). Despite
the considerable progress in studying the conditions of thrombus formation activation in high blood flows,
the direct application of the scientific results to the analysis of clinical risks cannot be properly implemented
without taking the features of hemodynamics in the thrombogenically dangerous part of the circulatory
system into account.

The features of the blood flow in a large vessel depend significantly on its geometric characteristics,
such as diameter, curvature, and the presence or absence of vascular wall pathologies. It was only possible
to speculate about the shear-induced effect on the intravascular thrombus formation processes [7, 8] before
the advent of methods for effective imaging of anatomical structures.
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However, due to the development of radiocontrast angiography, as well as optical, acoustic, and
magnetic resonance spectroscopy methods in the XXth century, it became possible to perform a detailed
visualization of biological structures [9–11]. This enabled the physicians to judge the anatomical features of
the vessels. The advent of dynamic methods that record variations in the time of processes in organs and
tissues, in particular, made it possible to detect the state of hemodynamics in bodies of particular patients
in real time [12–14].

The extension of the list of tools for monitoring of blood hemodynamics, on the one hand, and the
development of methods for mathematical simulation of blood coagulation activation processes, on the other
hand, have opened up a fundamental opportunity for assessment of intravascular thrombus formation risks
with allowance for realistic blood flow features in potentially thrombogenic vessels. In this paper, these
methods are employed to determine the shear-induced activation risks in vessels that are isomorphic in their
geometry to those present in the body, and also in mechanical circulatory assist devices used to maintain
hemodynamics. The obtained results can be exploited by physicians to plan strategies for antithrombotic
therapy with allowance for shear-induced platelet activation risks.

2. MODERN CONCEPTS OF SHEAR-INDUCED ACTIVATION OF THROMBUS FORMATION

2.1. Shear stress and methods of its calculation

Methods of computational fluid dynamics (CFD) are widely used to describe hemodynamics in a
human body [15, 16]. Modern CFD methods are used to find spatiotemporal distributions of biomechanical
characteristics, in particular, shear stress [17]. The calculation of the shear stress distribution is routine
for large human vessels, whose anatomical features are recovered by processing of images obtained by
radiodiagnosis (computed tomography, magnetic resonance imaging, and ultrasound research) [18, 19].

Blood in large vessels can be considered a Newtonian fluid, i. e., a fluid with a viscosity independent
of the shear rate [20]. In biomechanics, shear stress is most often referred to as a wall shear stress [20–22].
Within the physiological norm, the shear stress, generally speaking, is not the same in different parts of the
cardiovascular system [23]. Thus, the shear stress ranges from 10 to 30 dyn/cm2 in non-stenotic arteries
with a diameter of more than 2 mm (this corresponds to a shear rate of 250 s−1 < γ̇ < 750 s−1). In a number
of smaller arteries, the shear stress normally reaches 60 dyn/cm2 (γ̇ = 1500 s−1) [24, 25]. In pathological
conditions, e. g., in the development of atherosclerotic disease of large vessels, the shear stress can exceed
1000 dyn/cm2 [26]. A number of authors point out that dynamic variations in the shear stress can serve as
a factor that regulates the vascular tone, causing a change in the diameter of the vessels [27].

The shear stress is considered a key mechanical characteristic of the blood flow that affects the shear-
induced activation of thrombus formation [28, 29]. High shear stresses can initiate the thrombus formation
process due to direct mechanical damage of platelets, accompanied by their activation in the bloodstream,
and due also to injury of endothelial cells lining the inner surface of the vessel [30, 31]. In the latter case,
platelets are attached to the site of injury due to specific receptors on their surface, which causes their
further activation.

The simplest estimate of the shear stress in a vessel is based on the assumption of a Poiseuille velocity
profile: τ = 32ηQ/(πd3), where η is the blood viscosity, Q is the volume flow, and d is the vessel diameter.
This technique is commonly used in the Doppler ultrasound data interpretation [32].

At present, another method for the shear stress finding in large human vessels, based on four-
dimensional flow magnetic resonance imaging (4D Flow MRI), is being intensely developed [33]. This
method provides a high spatial and temporal resolution for recovery of the shear rate/stress distribution
within the cardiac cycle over the entire study area of the blood flow.

2.2. The shear stress effect on the hemostatic system activation

A comparison of the CFD and 4D Flow MRI methods shows that both approaches explicitly or
implicitly use ideas concerning the rheological blood properties in the shear stress assessment [17, 36, 37].
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However, blood by its nature cannot be classified as a liquid with a certain rheology. When blood changes
its aggregate state, the nature of the relation between the stress tensor and the strain rate tensor cannot be
specified algebraically [4].

The fact is that blood within the physiological norm is a metastable substance that can, under certain
external chemical and hydrodynamic impacts, experience a transition with a change in the aggregate state [3,
38]. During the last quarter of the century, attempts to develop physical and mathematical models that are
able to study blood coagulation under low hemodynamic conditions (with the Reynolds number Re� 1)
have been made [39–41].

Within the framework of such approaches, along with the hydrodynamic characteristics (velocity and
pressure fields), the biochemical factors of blood coagulation and, in certain cases, the formed elements of
blood (platelets and erythrocytes) involved in the thrombus formation processes were taken into account [42–
46]. In particular, it was shown how activation of the blood coagulation system is able to provoke thrombus
formation in stagnant zones distal to the stenotic site.

If the blood vessel wall is not damaged, then the plasma factor of the blood coagulation is not
activated. The blood remains in a liquid state. In the presence of damage, the threshold for blood coagulation
activation decreases as the blood flow slows down [40]. As a result, the thrombus formation risk increases.
In such cases, thrombus formation can be initiated when the pressure in the vessel is below the critical level.
Further, the conclusion about the effect of slowing blood flow on lowering the threshold of blood coagulation
activation was confirmed experimentally [47]. The result concerns the activation of coagulation in small
vessels, particularly in venules.

It is known that not only a sharp drop in blood pressure, but also hypertension oscillations can
provoke the intravascular blood coagulation activation in some cases [48, 49]. In particular, an increase
in blood pressure (and, as a result, tangential shear stresses in the blood flow) leads to an increase in
permeability of the vascular walls for primary procoagulants [4]. In this case, plasma hemostasis activation
occurs due to a violation of the integrity of the endothelial layer of the vascular walls in the range of shear
rates 250 s−1 < γ̇ < 1000 s−1 (10 dyn/cm2 < τ < 40 dyn/cm2) [4]. It is worth noting that shear-induced
platelet activation does not take place in this range of shear rates.

In some situations, the shear stresses may exceed the range of values mentioned above. For shear
stresses above 200 dyn/cm2 (γ̇ > 5400 s−1), platelet activation can be provoked with the subsequent partic-
ipation of platelets in the formation of blood clots in the vessels [5, 50, 51]. It should be noted that platelet
activation in large arteries is almost absent within the physiological norm [28, 29]. Conditions for shear-
induced platelet activation can develop in a number of vascular pathologies (aneurysms, malformations, and
atherosclerotic plaques).

Concepts concerning the existence of the shear stress threshold value (shear rate) were formed as a
result of in vitro experiments. In vitro systems use cone–plate viscometers to study the shear activation and
platelet aggregation. Devices of this type create flow regions with uniform shear stresses [28]. Blood or a
platelet-rich plasma is used in the experiments and is exposed to increased shear stresses (τ > 50 dyn/cm2)
for a few minutes [31]. The result of experiments, as a rule, is the dependence of the platelet activation level
on the shear stress.

In a human body, blood circulates in the cardiovascular system, in different parts of which, generally
speaking, the shear stresses are not the same. As a result, the thrombus activation is primarily initiated in
the vessels in which the shear stress exceeds the critical level τc: τ > τc. At the same time, the value of
the critical shear stress τc itself, despite the numerous experiments, remains controversial. According to a
number of in vitro studies, its value ranges from 40 to 400 dyn/cm2 [52–55].

The question of what biophysical and biochemical factors can determine the τc value is intensely
discussed in the literature [5, 56–58]. A number of papers show that the von Willebrand factor (VWF)
macromolecules play a key role in the platelet shift activation [59, 60]. These molecules are macromolecular
complexes, normally consisting of 2–80 subunits [61, 62]. Each subunit acting as a monomer has a domain
structure. One of the domains, A1, is able to bind to GPIb receptors located on the surface of platelets.
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Multivalent binding of VWF molecules to GPIb complexes on a separate platelet may initiate its activation,
leading to a subsequent aggregation [63, 64].

Hydrodynamic conditions regulate the binding of VWF to platelets by changing the conformation of
VWF multimers in shear flows [65]. At low shear stresses in the blood flow, VWF multimers have a compact
globular conformation, in which only a small number of A1 domains are available for binding to platelets [60,
66–68]. When the shear stress increases above the critical value, the VWF molecules unfold, increasing the
number of A1 domains exposed on the surface [61, 69, 70]. It was shown that platelet activation due to the
VWF occurs only at supercritical shear stresses [31, 52, 53, 71]. Moreover, the length of the VWF molecules
correlates with the platelet activation and aggregation levels [72–74]. This gave grounds to suppose that the
τc value depends on the size of the VWF molecules [56, 75].

This hypothesis has been analyzed in a recent pa-
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Fig. 1. Bifurcation diagram of the conforma-
tional stability of VWF molecules at different shear
stresses. Solid bold lines represent branches corre-
sponding to stable stationary states, dashed lines
represent unstable stationary states, τ∗ is the bi-
furcation value of the shear stress, τc is the shear
stress at which the VWF molecule must be com-
pletely unwound. The degree of VWF unwinding
on the platelet surface was defined as the ratio
of the number ntail of monomeric subunits in the
unwound part of the VWF molecule to the total
number n of such subunits in it. The point A
corresponds to the globular state, E, to the fully
unwound state, and the brace, to the regions of
partially unwound states. Adapted from [5].

per [5]. Its authors constructed a bifurcation diagram of
states that shows the unwinding degree of VWF molecules
on the platelet surface as a functon of the shear stress (see
Fig. 1). The diagram demonstrates the existence of two
bifurcation values of the shear stress. When the shear
stress exceeds the smaller value (τ∗), the VWF molecules
start to unwind, and the molecule goes into a fully un-
wound stable state when the second value (τc) is exceeded.

The authors have obtained a condition for platelet
activation in the form

τ > τcr, (1)

where τ is the shear stress acting on the VWF molecules
on the platelet surface, and τcr is the critical shear stress,
which depends on the degree n of multimericity of VWF
molecules as follows:

τcr = 3 · (3/2)4/3τc (n − na)
1/3 − (2/3)1/3

n− na
. (2)

Here, na is the minimum length of the VWF molecule
“tail” required for the platelet activation.

Analysis of conditions (1) and (2) shows that
platelet activation can occur in shear flows of sufficient
intensity. The critical shear stress τcr can be regulated by
varying the VWF multimericity degree.

The actual shear stress τ in the blood flow is deter-
mined by the amount of cardiac output, blood pressure,
stenosis degree, and other hemodynamic vessel character-
istics. Thus, Eqs. (1) and (2) show that the intravascular
thrombus formation risks can be controlled both by correcting systemic hemodynamic parameters (e. g., by
changing blood pressure, using statins, etc.) and by controlling the distribution of VWF molecules by their
multimericity degree (due to ADAMTS-13 metalloproteinase).

Note that the above results were obtained in the approximation of a quasi-static change in the shear
stress. This approximation is correct for in vitro situations (e. g., in experiments with the use of torsion
viscometers), as well as near the vessel walls or implantable devices.

The mechanism of platelet activation in nonstationary pulse flows has been considered in a recent
paper [76]. It developed an approach to the study of critical conditions of the shear-induced platelet
activation based on the concepts of the cumulative shear-stress role.
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3. METHODS FOR ASSESSMEMT OF SHEAR-INDUCED INTRAVASCULAR THROMBUS
FORMATION RISKS

The level of the shear-induced platelet activation is insignificant in the physiological norm [59].
Areas of increased shear stresses may develop in large vessels with pathologies or in devices for maintaining
blood circulation. The penetration of platelets into these areas, even for a short time, can lead to their
activation [76].

The approach to assessing the shear-induced platelet activation risks used in this study was based
on the results of [5]. It was assumed that platelet activation occurs in a threshold manner, when the shear
stress exceeds the critical value (see Eqs. (1) and (2)).

The shear stress τ in Eq. (1) was calculated as follows. At the first stage, the fields of the velocity
V(x, y, z, t) and the pressure p(x, y, z, t) were determined by numerically solving the Navier–Stokes equations
in the form

∂V

∂t
+ (V,∇)V = −1

ρ
∇p+ νΔV, (3)

(∇,V) = 0, (4)

where t is the time, x, y, and z are the Cartesian coordinates, ∇ is the Hamilton operator, ρ is the density,
ν is the kinematic blood viscosity, and Δ is the Laplace operator. The Poiseuille velocity profile was specified
as a boundary condition at the input cross section, and the zero pressure condition was set at the output
cross section. The impermeability and non-slip condition was assumed to be fulfilled on the walls [77].

Further, the shear rate γ̇ was calculated from the found velocity field [78]:
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(5)
Here, Vx, Vy, and Vz are the velocity-vector components. In this case, the absolute value of the shear stress
τ was specified by the expression

τ = ηγ̇, (6)

where η is the dynamic blood viscosity. The distributions of the concentrations of the activated and in-
activated platelets in the blood flow during their interaction with VWF molecules having the specified
multimericity degree n were found by solving the system of equations

∂P

∂t
+ (V,∇)P = −kPθ(τ − τcr), (7)

∂Pa

∂t
+ (V,∇)Pa = kPθ(τ − τcr), (8)

where P is the concentration of inactivated platelets, Pa is the concentration of activated platelets, k is
the rate constant of the platelet transition from inactivated to activated state, θ(τ − τcr) is the Heaviside
function, and the τcr value for each particular n was determined by Eq. (2).

At the input cross section of the vessel, the concentration of inactivated platelets was assumed to
be constant and equal to the physiological value, whereas the concentration of activated platelets was
considered to be zero. At the output cross section of the considered vascular configuration, the condition of
a zero gradient of non-activated and activated platelets was set.

The platelet activation degree was characterized by the platelet activation index (PAI):

PAI =

⎡
⎣ 1

Δt

t0+Δt∫
t0

(Ja/JΣ) dt

⎤
⎦ · 100%, (9)
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where Δt is the cardiac cycle duration, t0 is the start time of the cardiac beat, during which the averaging
was performed, and Ja and JΣ are the convective flow of activated platelets and the total convective flow of
platelets through the output cross section Γout, respectively:

Ja =

∫
Γout

PaVdS, (10)

JΣ =

∫
Γout

(P + Pa)V dS. (11)

The symbol dS indicates an element of the output cross-sectional area.
The risk of platelet activation in turbulent flows was assessed on the basis of the Reynolds averaged

Navier–Stokes (RANS) equations, which are formally reduced to taking into account the turbulent kinematic
viscosity νt in the equations of motion [79, 80]:

∂V

∂t
+ (V,∇)V = −1

ρ
∇p+ (ν + νt)ΔV, (12)

(∇,V) = 0. (13)

The k − ω−SST turbulence model was used to calculate νt [81].
The calculated field of turbulent kinematic viscosity νt was further used to calculate the distributions

of inactivated and activated platelets:

∂P

∂t
+ (V,∇)P = DtΔP − kPθ(τ − τcr), (14)

∂Pa

∂t
+ (V,∇)Pa = DtΔPa + kPθ(τ − τcr). (15)

Here, Dt = νt/Sc is the turbulent diffusion coefficient [79], Sc is the Schmidt number, and the absolute value
of the shear stress was determined by the expression

τ = (η + ηt)γ̇. (16)

It was assumed throughout that the equality ηt = ρνt takes place. The degree of platelet activation was
determined by Eq. (9).

For information on the programs and numerical methods used to analyze the platelet activation risk,
see Appendices 1 and 2. The ranges of parameter values used in the numerical calculations are given in
Table P1.1 of Appendix 1.

The developed approach was employed by the authors of this paper to create a software and hardware
system for assessment of thrombus formation risks (Russian Science Foundation project Nos. 19-11-00260
and 14-14-00990). This software and hardware system is designed to solve problems of clinical interest.

4. ASSESSMENT OF SHEAR-INDUCED THROMBUS FORMATION RISKS

4.1. Assessment of shear-induced platelet activation risks in large vessels

This paper analyzes the risk of shear-induced thrombus formation in the aorta having a pronounced
narrowing of the lumen (stenosis). This narrowing is detected by magnetic resonance angiography (see
Fig. 2). In the region of greatest narrowing, supercritical shear stresses may occur. The magnitude of the
critical shear stresses is determined by the multimericity of the VWF molecules. The degree of platelet
activation was assessed based on the method described in Sec. 3.
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Figure 2 shows the calculated distribution of acti-
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Fig. 2. The use of the developed facility for assess-
ment of thrombus formation risks in the stenosed
aorta. Imaging of the distribution of activated
platelets in the stenosed aorta (volumetric blood
flow Q = 5.0 l/min and n = 80) based on the
volumetric rendering technology is presented. The
red and blue colors correspond to the highest and
the lowest concentrations of activated platelets in
the considered area, respectively. The studies were
performed according to the magnetic resonance
angiography data, which are publicly available [82].

vated platelets in the aorta. It can be seen that platelets
are activated in the vicinity of its lumen narrowing. The
supercritical shear stresses that develop in the blood in
this zone are the reason for this activation. Directly be-
hind the stenosed area, there is a zone of recurrent flow,
getting into which the activated platelets are able to pro-
voke thrombus formation.

The given example of the calculation was per-
formed for a particular degree of multimericity (n =
80). The distribution of VWF molecules is heterogeneous
within the physiological norm, and the degree of multi-
mericity usually does not exceed 80. The dependence of
the platelet activation degree on the multimericity degree
for physiological values of blood flow through the aorta
was constructed to determine the contribution of multi-
mers of different lengths to platelet activation.

The calculated dependences of the platelet activa-
tion degree on the number n of monomers in the VWF
molecules for two values of the average volumetric blood
flow are shown in Fig. 3. It is easy to see that the degree
of platelet activation for large VWF molecules is consid-
erably higher than for small ones, and the approximation
lines 1 and 2 corresponding to two values of the average
volumetric blood flow have a different slope.

The calculation results presented in Fig. 3 show
that for any given level of blood flow through the descend-

ing aorta, VWF molecules with a multimericity below a certain level do not contribute to platelet activation
at all (for high and low values of the flow Q, the contribution is not made by molecules smaller than 38
and 50 monomers, respectively). The degree of platelet activation by VWF multimers of supercritical size
increases linearly with increasing multimericity.

In real systems, the degree of multimericity can be regulated by ADAMTS-13 metalloproteinase,
which splits VWF molecules into smaller fragments. In the light of the obtained results, this means that
the platelet activation level should decrease as a result of the ADAMTS-13 action, and in deep proteolysis,
when the fragments of VWF molecules are less than the critical size in their multimericity, platelet activation
should not occur under their influence at all.

4.2. Assessment of shear-induced platelet activation risks in mechanical circulatory
assist devices

Activation of thrombus formation in intense shear flows is a serious problem not only in large arteries
with pathologies, but also in blood-contacting devices used in transplantology (in particular, in mechanical
circulatory assist devices) [83–85]. These include, in particular, cardiopulmonary bypass devices developed
for the first time by C.C.Bryukhonenko [86], as well as mechanical circulatory assist devices (MCAD) used
to compensate partially for violations of the heart pumping function [87, 88]. The use of the MCAD provided
a breakthrough in the treatment of patients with chronic cardiac failure [89–91].

Unfortunately, the positive effect of using MCAD is largely offset by the high frequency of throm-
boembolic complications, primarily strokes. Clinical studies show that 45% of the patients had a stroke
within two years [92, 93]. It is assumed that the supercritical shear stresses developing in the MCAD
(τ > 1000 dyn/cm2) cause intense platelet activation, leading to the further formation of micro clots [94, 95].

810



Progress in the development of mathematical mod-
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Fig. 3. The dependence of the platelet activation
degree on the number n of monomers in the VWF
molecules in the stenosed aorta for two values of
the average volume flow, namely, Q = 5.0 l/min
(1) and Q = 3.7 l/min (2). The degree of ac-
tivation was defined as the cardiac-cycle averaged
fraction of activated platelets at the exit from the
aorta. The maximum degree of the luminal nar-
rowing, calculated according to the diameter d of
the descending aorta (d = 2.5 cm), was approxi-
mately 30%.

els aimed at assessing platelet shear activation risks has
become especially notable in recent years [96–99]. From
an applied point of view, the most interesting models are
those that have been validated in a certain way [100] (i. e.,
for which their practical applicability has convincingly
been demonstrated).

The issue of validation of mathematical models has
recently attracted enhanced attention of both the scien-
tific community (physicians, biomechanics, etc.) and reg-
ulators who control the quality of medical devices [101,
102]. The collaborative work of the American Society
of Mechanical Engineers and the U.S. Food and Drug
Administration (FDA) resulted in the development of a
standard [103] describing common requirements for math-
ematical models that claim to be practical. In addition
to the standard, the FDA also provided access to geomet-
ric parameters of two reference devices (see Fig. 4) [104].
Their use in the modeling of shear-induced platelet activa-
tion processes should ensure comparability of the results
obtained by different research teams.

The developed facility for thrombus formation risk
assessment was used to estimate the potential thrombo-
genicity of the reference models presented by the FDA.

4.2.1. Assessment of platelet activation in the FDA Nozzle Benchmark Model test devices

The first reference model, the FDA Nozzle Benchmark Model, has geometry features typical of blood-
contacting devices such as catheters, cannulas, and syringes. The model includes a converging section that
turns into a uniform cross section and abrupt extension (see Fig. 4a). Such a structure contains zones of
low and high shear stresses and zones of a positive pressure gradient that can destabilize the flow and
form recirculation zones. These flow features are typical of the flow in blood-contacting devices and are
characterized by increased thrombogenicity.

As a result of using the thrombus formation risk assessment facility, it was found out that the
platelet activation zones in this model concentrate along the walls of the converging section and uniform
cross section (see Fig. 5b). Increased shear-stress values in this zone develop due to the fluid acceleration in
accordance with the incompressibility condition. In the zone of abrupt extension, a toroidal region of high
stresses is formed, the amplitude of which exceeds the value required for activation (Fig. 5a). However, our
calculations showed that these zones make an insignificant contribution to platelet activation. The main
contribution comes from shear stresses occurring in the zones of the converging section and uniform cross
section. Platelets moving along the device under study first pass through the narrowing region and the
region of the smallest cross section, where they have time to pass to the primed for activation state. Based
on the obtained results, it can be concluded that when Nozzle-type devices are designed, the geometry of
these two regions should be adjusted in order to reduce the platelet activation level.

The dependence of the platelet activation degree on the Reynolds number in the place of the greatest
narrowing of the vessel, obtained as a result of calculations, is shown in Fig. 6. The data presented in it
show that the platelet activation degree in the range (to which the developers pay much attention) of the
Reynolds number values increases from 12% to 14%. The obtained result indicates that a decrease in the
blood flow intensity within the operating range will reduce only slightly the thrombogenicity of the devices
of the considered type.
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Fig. 4. Reference models developed by the FDA commission. (a) FDA Nozzle Benchmark Model is a prototype
blood-contact device that repeats key features of the geometries of catheters, cannulas, and syringes. (b)
FDA Blood Pump Benchmark Model is a prototype device that is a model of a mechanical circulatory assist
device. Adapted from [104].
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Fig. 5. Calculated shear stress distributions (a) and activated platelet concentrations (b) in the FDA Nozzle
Benchmark Model. The red and blue colors correspond to the highest and the lowest concentrations of
activated platelets in the considered area, respectively.

4.2.2. Assessment of platelet activation in FDA Blood Pump Benchmark Model test devices

The FDA Blood Pump Benchmark Model is an MCAD model (see Fig. 4b). The use of the thrombus
formation risk assessment facility showed that increased shear stresses occur near the blades that set the
blood in motion, as well as at the exit from the device body (see Fig. 7a). According to our calculations,
there should be a volume activation of platelets in these zones. The final level of platelet activation in
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this pump, unlike the FDA Nozzle Benchmark Model, is

13.6
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3000 4000 5000 6000

PAI, %

Re

Fig. 6. The dependence of the platelet activation
degree on the Reynolds number in the region of the
maximum luminal narrowing in the protorype FDA
Nozzle Benchmark Model (n = 30). The dotted
line corresponds to the approximating curve.

determined primarily by the size of the volume activation
zones.

There is some experimental evidence that the pro-
teolysis of VWF molecules by the ADAMTS-13 enzyme
is accelerated in a turbulent flow [105, 106]. However,
the platelet activation level in the MCAD varies only
slightly [107]. This indicates that platelet activation
mechanisms that are not related to VWF molecules can
probably occur in turbulent flows. This range of issues
requires further study.

The calculations showed that in the considered
FDA Blood Pump Benchmark Model, a significant ac-
tivation of platelets can indeed take place in a wide range
of operating parameters. This conclusion qualitatively
correlates with the well-known clinical observation on the
unsafe use of this type of construction in practice [93].
Seeking more advanced structures is currently the subject of research of specialists in the field of biomedicine
around the world [108, 109].

5. PROMISING APPLIED FIELDS

5.1. Assessment of individual risks of thrombus formation activation in clinical settings

Modern CFD methods in combination with medical information imaging techniques are used to
develop software and hardware systems for both diagnostic and prognostic goals in cardiology and cardio-
vascular surgery [110, 111]. To date, the FDA has approved a number of software products and devices
for clinical use in the diagnosis of cardiovascular pathologies (Software as Medical Device) [111]. One of
these software products is HeartFlow for assessment of the fractional flow reserve (FFR) in the coronary
arteries [112]. The value of the fractional reserve reflects the degree of supply of the myocardium with blood
in heart diseases. The FDA-approved HeartFlow software product helps the physicians estimate the FFR
value, and also predict its change after reconstructive treatment.

a) b)
Pa 1, ¹¡¿, din/cm2

50 90 110 150005000 12000

z z

y yx x

Fig. 7. Calculated shear stress distributions (a) and activated platelet concentrations (b) in the FDA Blood
Pump Benchmark Model (rotation speed 1000 r/s, Q = 0.5 l/min, and n = 30). The black arrows indicate the
rotor spin direction of the prototype mechanical circulatory assist device. The red and blue colors correspond
to the highest (platelet activation 15%) and the 5% concentration of activated platelets, respectively.

813



However, despite the progress in the field of hemodynamic modeling, the existing software products
preclude the assessment of intravascular thrombus formation risks. To estimate the thrombogenicity of
large vessels, it was necessary to allow for the contribution of the hydrodynamic effects to the platelet
volume activation. The developed approach is already able to assess these risks for a particular patient in
a few days. In this case, the speed of obtaining estimates is determined mainly by the calculating capacity
of the computers currently used. The pace of development of computer technologies and CFD methods
assures that intravascular thrombus formation risks can be assessed in no more than a few hours in the near
future [113]. In prospect, this will give physicians an opportunity to use a method based on the developed
approach to assess the thrombogenicity risks due to platelet activation in operational decision-making in
clinical situations.

It is worth noting that, in addition to the mechanisms of thrombus formation due to the volumetric
shear-induced platelet activation (platelet link of hemostasis), violations of the integrity of the vascular walls
(vascular link of hemostasis) can play a significant role in the change of the blood aggregate state. Within
the physiological norm, the endothelial cells lining the vessels from the inside maintain the blood in a liquid
state due to the secretion of plasma and platelet inhibitors of hemostasis into the blood flow [29, 114, 115].

The permeability of the endothelium to procoagulants varies significantly in a number of clinical
situations [116–118]. In particular, such variations can be provoked by an increase in tangential shear
stresses acting on endothelial cells. At the same time, an increase in the supply of procoagulants to the
parietal layers of the blood flow causes further blood coagulation activation [4]. These parietal mechanisms
are implemented at moderate shear rates, up to 103 s−1, as a result of which the formation of blood clots is
mainly determined by the vascular and plasma components of hemostasis [119].

In this paper, we have limited ourselves to considering the mechanisms of blood clot formation caused
by disorders of the platelet hemostasis under the influence of shear stresses. Indeed, the volume activation
of platelets can take place in large arteries [5, 120, 121]. It seems to us that the contribution of volume
effects to the overall activation level should dominate over the surface (wall) effects. This hypothesis requires
further analysis, including proof-of-concept experiments (see, i. e., [6, 122]).

Taking the volumetric platelet activation effects into account is of interest in cases where there is a
significant increase in systolic blood pressure. The fact is that due to an increase in systolic pressure, the
shear stresses in the blood flow can increase above the critical level, which, in turn, will be accompanied by
platelet activation.

The degree of platelet activation of a particular person depends on the state of the cardiovascular
system (the diameter of the vessels, the size of the cardiac output, and the presence of stenotic areas). In
this case, the maximum value of shear stresses that are dangerous from the point of view of shear-induced
platelet activation of a particular person depends on the features of systemic hemodynamics, including the
value of systolic blood pressure. The developed approach enables one to estimate the maximum allowed
value of systolic blood pressure in a personalized way. In cases where the systolic pressure exceeds this limit
value, platelet activation should take place. The software and hardware system makes it possible to estimate
the platelet activation intensity for a supercritical systolic pressure and thus to judge the thrombogenicity
trends.

5.2. Ways to reduce the thrombogenicity of mechanical circulatory assist devices

The developed approach can also be used to assess thrombogenicity in vascular systems containing
artificial elements, such as vascular implants (stents) and MCAD. The latter are widely used in medicine,
but their application is related to a significant increase in the thrombus formation risk. Thrombus formation
activation due to the use of MCAD can lead both to the failure of the devices themselves, and to the develop-
ment of life-threatening pathological conditions, strokes in particular [95, 107, 123]. Several computational
methods for assessing the MCAD thrombogenicity level are discussed in [96–99, 124]. However, none of
them has yet been employed for the development and testing of new devices [125, 126]. Questions about the
limits to which one can rely on mathematical models and their computer implementations are discussed in
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professional circles, and the concept of model credibility risk has appeared [127].

It seems that today the issues of the applicability limits of models in describing the blood dynamics
have most thoroughly been considered in a series of papers [102, 128], which study the effect of shear
stresses on the hemolysis of erythrocytes in the MCAD. The developed models are based on the concepts
of a mechanical tear of erythrocytes. They are constructed [128] using the V&V 40 standard [103]. Their
authors assume that hemolysis is initiated in a threshold manner [129, 130]. As a result, the developed
approach is of interest from a methodological point of view.

Since platelet activation also belongs to the class of threshold phenomena [131, 132], it stands to reason
to allow for the requirements of the V&V 40 standard [103] in the development of the existing models in
the future. Application of this standard will open up the possibility of selecting platelet activation models
that best meet the FDA requirements. The improvement of the currently used approaches to assessing the
thrombus formation activation in accordance with the FDA requirements will be able to move from testing
individual mock-up samples to adjusting the industrial programs for the development and design of advanced
MCADs. The result of this is expected to be a reduction in the number of thrombotic complications caused
by the use of MCAD.

5.3. Development of wearable hemostasis correction devices

The use of mathematical models that have passed the validation procedure will make it possible to
calculate estimates of the thrombus formation risks under conditions of a high blood flow. The availability
of such estimates will give physicians the opportunity to reduce uncertainty when making decisions on the
choice of dosages of antithrombotic drugs for particular patients [133].

The developed mathematical approaches permit one to compare the thrombus formation risks not
only with the variation of dosages, but also with changes in the drug administration protocols [5, 134].
In cases where drugs are administered gradually (as in the case of heparin administration), such effects
can be taken into account as parametric in the model. However, in addition to the provision of directed
parametric effects, questions about the provision of operational (dynamic) effects on the hemostatic system
deserve attention. The goal of such an impact is to abruptly stop the transient processes of thrombus
formation/thrombolysis in vital organs.

It is known that the effectiveness of drugs that dissolve fibrin clots (fibrinolytics) depends significantly
on the phase of coagulation development at the time of their administration and dose [135, 136]. In this
regard, it is necessary to develop devices for continuous monitoring of the hemostatic system state to stop
thrombus formation in time. In [14, 137–139], the authors showed that the principle of operation of such
devices for the correction of hemostasis can be based on the acoustic detection of micro clots. The advent
of inexpensive micrometer-sized ultrasonic transmitters [140] has opened the way for using such devices in
medical practice [141, 142]. Compact wearable or implantable devices capable of detecting micro clots at the
early stages of thrombus formation will be able to calculate quickly (in real time) the dosages and instants of
administration of fibrinolytics, as well as provide management of their timely injection to particular patients
in the future [14].

It should be noted that to date, the FDA commission has approved both wearable and implantable
devices for monitoring and correcting glucose levels in a human body [143, 144]. Such breakthroughs in the
field of biomedical engineering give good reason to believe that the creation of compact wearable devices for
the correction of hemostasis is a matter of the near future. Their use should reduce the level of mortality
and disability that occur due to the rapid development of thrombus formation in large arteries.

Thus, modern methods of medical diagnostics (ultrasound, magnetic resonance imaging and computed
tomography), combined with the achievements of computational fluid dynamics, open up wide opportunities
for the development of a new generation of medical devices and software and hardware systems that are able
not only to obtain information about the structure and current functional state of the organs and tissues
under study, but also to predict the consequences of surgical and pharmacological treatments.
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6. CONCLUSIONS

The analysis shows that as a result of the influence of shear stresses on the conformational dynamics
of VWF macromolecules, significant activation of platelets can occur not only in in vitro systems and in
mechanical circulatory assist devices (ex vivo), but also in large stenosed vessels (in vivo). The developed
approach and the software and hardware system created on its basis are used to find the probability of
volumetric shear-induced platelet activation in vessels that are isomorphic in their geometry to those present
in a human body. The application of this approach makes it possible in principle to analyze the effect of
both static [5] and dynamic (time-varying) shear stresses [76] on platelet activation.

It seems that the obtained results will give physicians the opportunity to plan an antithrombotic
therapy strategy in the future, taking the individual risks of shear-induced platelet activation into account.
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APPENDIX 1

Programs, numerical methods, and parameter values

The aortic geometry was recovered on the basis of open-access magnetic resonance angiography
data [82]. Image segmentation was performed at the first stage of the recovery to highlight the boundaries of
the vascular lumen [145]. A polygonal surface approximating the geometry of the vessels was constructed at
the second stage using the method of marching cubes [146]. To improve the convergence of the calculations,
following [147], a cylindrical segment was added to the output section of the aorta. The length of the
cylindrical segment was two times greater than the diameter of the output section. The recovery and
processing of polygonal surfaces were performed using the open software product VMTK [148].

The internal volume of polygonal surfaces allowing for the personalized features of the vessel structure
was filled with hexahedral elements. In the vicinity of the vessel walls, the cells were further reduced in
order to resolve the boundary layer [149]. The calculated grids contained about 200000 elements and were
constructed in the CF-MESH+ software product [150].

The dependence of the average blood flow rate at the entrance to the aorta on the time of the cardiac
cycle (base profile) was adapted from [151]. To obtain the desired value of the average volumetric blood
flow through the aorta, the base profile was adjusted with multiplying by the scaling factor r: r = Q/Q0,
where Q is the required average volumetric blood flow per cardiac cycle and Q0 is the average volumetric
blood flow per cardiac cycle for the base profile.

The geometry of the reference FDA models was constructed on the basis of the dimensions indicated
in [128, 152]. Further, discretization of the internal volumes of the models was performed using tetrahedral
elements with their local reduction in size near the walls. These procedures were conducted using the open
source software Salome package [153].

Equations (3), (4), (7), (8), (12), and (15) were numerically solved by the finite volume method [80].
Approximation of the convective term in Eqs. (3), (7), (8), (12), (14), and (15) was performed by the
counterflow difference method [154]. The time derivative in these equations was approximated using the
implicit Euler method [80]. The velocity and pressure fields were found by solving Eqs. (3) and (4) (or
Eq. (12) and (13)) using the PISO algorithm [155]. An adaptive time pitch, the size of which was calculated
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TABLE A1.1. Values of the model parameters used to
analyze the platelet activation risk.

Parameter Physiological Reference Used
range value

η, cP 3–4 [23] 4

ρ, g/cm3 1.040–1.060 [161] 1.056

γ̇c = τc/η, s
−1 1000–10000 [5] 10000

na > 20 [73] 22

k, s−1 no data − 10000

Sc no data − 0.9

from the condition CFL< 1, where CFL is the Courant number [156], was employed.

When modeling turbulent flows, the level of turbulence at the entrance to the considered FDA
reference models, following [128], was assumed to be equal to 1%. The k − ω−SST model was used to find
the turbulent kinematic viscosity field. When solving the equations of this model, the following boundary
conditions were used on the walls of the calculated regions. The turbulent kinetic energy was assumed to
be zero. The frequency of turbulent fluctuations was calculated using the automatic wall function method
described in [157].

The sliding grid approach was used to calculate shear-induced activation in the FDA Blood Pump
Benchmark Model [158]. In this approach, the rotating rotor and the stationary stator were separated by a
double-sided interface. The equality of values for each calculated variable on the sides of the interface was
the boundary condition.

The program code for solving the equations was written in the open environment OpenFOAM [159].
Visualization of the calculation results was performed in the ParaView environment [160]. The images were
made in the Excel software product.

The values of the parameters used to analyze the platelet activation risk are presented in Table A1.1.
When calculating the turbulent flows, the values of the parameters of the k − ω−SST model were taken
from [157].

The concentration of inactivated platelets at the entrance to the calculated areas was assumed to
be equal to 200000 pcs/μ−1 in all calculations. The initial concentration of inactivated platelets in the
calculated areas was assumed to be equal to the concentration at the entrance to the vessel. The initial
concentration of activated platelets in the calculated areas was considered to be zero.

APPENDIX 2

Key stages of personalized research using CFD models

A personalized study in the field of cardiovascular modeling consists of several sequential steps (see
Fig. A2.1).

At the first step (see Fig. A2.1a), the patient undergoes a radiological examination, e. g., computed
tomography or magnetic resonance imaging of blood vessels [162]. The immediate result of tomography is a
series of images containing information about the anatomical structure of blood vessels at different depths (a
set of sections). It should be noted that both specific vessels (e. g., coronary arteries) and extensive vascular
networks (e. g., Willis’ circle arteries) can be examined.

At the next step (see Fig. A2.1b), the geometry of the vessels is recovered by marking out the vessel
lumen (segmentation) on each section and then triangulating their internal surface [163–165]. To date, a
number of software products for computed tomography and magnetic resonance angiography data processing
is publicly available [148, 166]. Their use makes it possible to triangulate the inner surface of the vascular
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a) c)b)

d)e)

Fig. A2.1. The main stages of personalized research using CFD models. (a) Magnetic resonance angiography
data without contrast enhancement (axial section). (b) Two-dimensional cross-sectional segmentation of
the vascular lumen in the axial direction. (c) An example of the computational grid. (d) Calculations
with allowance for additional information about the cardiovascular system state (e. g., the analysis of the
multimericity of VWF molecules, the dependence of the volumetric blood flow on time, etc). (e) Visualization
of the calculation results in the form of a video clip.

blood flow (see Appendix 1). The resulting surface grid reproduces the anatomical features of the vessels of
interest.

At the third stage, a computational grid is created in the inner region of the assumed blood flow in
the vessel (see Fig. A2.1c) [149]. Unstructured hybrid grids are used (see Appendix 1).

Computational grids are then used in computer experiments (see Fig. A2.1d). At the same time,
mathematical simulation also allows for the data obtained in the laboratory and clinical studies (blood
viscosity and volume flow rate within the cardiac cycle). All of this permits one to calculate the state
of hemodynamics with allowance for personal data using the well-known CFD methods [110, 162] (see
Appendix 1). In the course of procedures aimed at assessing the shear-induced thrombus formation risks, it
is necessary to consider both the features of blood hemodynamics and the state of the hemostatic system
as a whole, including data on the multimericity of VWF molecules [167].

The last stage of work is the preparation of calculation results in the form of presentation videos
(see Fig. A2.1e). This is done by using 3D imaging methods which clearly demonstrate the dynamics of the
studied processes [160] (see Appendix 1).
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