PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Salikhova TY, Pushin DM, Nesterenko 1V,
Biryukova LS, Guria GT (2022) Patient specific
approach to analysis of shear-induced platelet
activation in haemodialysis arteriovenous fistula.
PLoS ONE 17(10): e0272342. https://doi.org/
10.1371/journal.pone.0272342

Editor: Habib Boukerche, "INSERM", FRANCE
Received: September 5, 2021

Accepted: July 19, 2022

Published: October 3, 2022

Copyright: © 2022 Salikhova et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: The minimal
(anonymized) data and solver code necessary to
replicate study findings are available in the
repository: https://doi.org/10.5281/zenodo.
5245109 Supporting movies are available in the
repository: https://doi.org/10.7910/DVN/MYDFXR.

Funding: The work was supported by grant No 19-
11-00260 of Russian Science Foundation. The
funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

RESEARCH ARTICLE

Patient specific approach to analysis of shear-
induced platelet activation in haemodialysis
arteriovenous fistula

Tatiana Yu Salikhova'2, Denis M. Pushin’, Igor V. Nesterenko®, Lyudmila S. Biryukova',
Georgy Th Guria®'?*

1 National Medical Research Center for Hematology, Moscow, Russia, 2 Moscow Institute of Physics and
Technology, Dolgoprudny, Russia, 3 City Clinical Hospital n.a. S.P. Botkin, Moscow, Russia

* guria@blood.ru

Abstract

Shear-induced platelet activation (SIPAct) is an important mechanism of thrombosis initia-
tion under high blood flow. This mechanism relies on the interaction of platelets with the von
Willebrand factor (VWF) capable of unfolding under high shear stress. High shear stress
occurs in the arteriovenous fistula (AVF) commonly used for haemodialysis. A novel patient-
specific approach for the modelling of SIPAct in the AVF was proposed. This enabled us to
estimate the SIPAct level via computational fluid dynamics. The suggested approach was
applied for the SIPAct analysis in AVF geometries reconstructed from medical images. The
approach facilitates the determination of the SIPAct level dependence on both biomechani-
cal (AVF flow rate) and biochemical factors (VWF multimer size). It was found that the
dependence of the SIPAct level on the AVF flow rate can be approximated by a power law.
The critical flow rate was a decreasing function of the VWF multimer size. Moreover, the crit-
ical AVF flow rate highly depended on patient-specific factors, e.g., the vessel geometry.
This indicates that the approach may be adopted to elucidate patient-specific thrombosis
risk factors in haemodialysis patients.

Introduction

One of the main functions of platelets is their participation in haemostatic reactions prevent-
ing excessive blood loss in case of injury [1,2]. In this respect, a key feature of platelets is their
ability to sense high shear flow which occurs at the injury site after primary vasoconstriction
[3,4]. This flow-sensing mechanism is based on the interaction of platelets with von Willeb-
rand factor (VWF)-a multimeric protein able to undergo conformational changes under high
shear stress [5-7]. Under pathological conditions the same flow-sensing mechanism plays an
important role in the initiation of intravascular thrombosis [8-12].

During the recent years substantial efforts have been made to understand shear-induced
platelet activation (SIPAct) and its impact on thrombus formation [13,14]. Both experimental
(biochemical/biophysical) [15-20] an theoretical (mathematical/computational) [21-25]
approaches were found to be very helpful in these efforts. Recent achievements in
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mathematical modelling [26] combined with current techniques of medical imaging [27,28]
and computational fluid dynamics [29,30] open new prospects for patient-specific assessment
of the SIPAct. Aim of this research work was to implement such a personalised approach on
the example of patients with arteriovenous fistulas (AVF).[6-79]

The AVF is a surgically created connection between an artery and a vein, widely applied in
long-term haemodialysis [31,32]. Clinical benefits of its application are primarily limited by
the level of thrombotic complications [33,34]. Development of thrombotic risk reduction
approaches for patients with AVF is a matter of great concern [35,36]. Increased rate of throm-
botic complications among AVF patients might be attributed not only to the surgical proce-
dure itself but also to abnormal high shear flow in AVF [32,37]. In this study, we used clinical
imaging data of AVFs obtained from selected patients for computational assessment of the
SIPAct level under these abnormal flow conditions.

It is generally accepted that both the magnitude and duration of the shear stress determine
whether platelets are activated [16,38,39]. The effect of shear stress on platelets under unsteady
flow conditions could be described in terms of its integral characteristic—cumulative shear
stress (CSS) [23,40]. If CSS exceeds a certain critical value, SIPAct occurs [16,19]. It has been
recently suggested that this threshold value depends on the von Willebrand factor (VWF) mul-
timer size [26].

In the current study, we have combined computational reconstruction of patient-specific
vessel geometry and haemodynamics with a recent mathematical model describing VWEF-
mediated platelet activation [26]. As a result, a novel patient-specific approach for the model-
ling of SIPAct has been developed. The capabilities of the approach were demonstrated using
personalized data of haemodialysis patients with AVFs. It was found that the dependence of
the SIPAct level on the AVF flow rate can be approximated by a power law. The critical AVF
flow rate was found to be highly depending on patient-specific factors (e.g., the vessel
geometry).

We hope that the developed approach may find its further application for the assessment of
patient-specific thrombotic risk factors in haemodialysis patients with AVFs. Also the
approach might be extended to several other clinically valid settings with increased risk of
thrombosis (for example, in circulatory assist devices) [41,42].

Materials and methods

The approach is aimed at evaluating the SIPAct level in the AVF considering patient-specific
data. The evaluation is performed via computational fluid dynamics (CFD) methods. Informa-
tion on the AVF vessel anatomy, blood flow intensity (time-dependent flow waveforms), and
VWFEF multimer size was considered in the calculations (Fig 1). In the current work, patient-
specific AVF geometries were used in the calculations. The AVF flow rate and VWF multimer
size were chosen as parameters.

Patient-specific data

Analysis of SIPAct was performed in two mature patient-specific AVFs. The AVF of the first
patient (P1) was formed in the forearm of the non-dominant upper extremity from the radial
artery and cephalic vein (radiocephalic AVF). The AVF of the second patient (P2) was created
at the elbow of the non-dominant arm from the brachial artery and cephalic vein (brachioce-
phalic AVF). The patients were subjected to non-contrast enhanced magnetic resonance angi-
ography (MRA) of the non-dominant arm vessels. The scan was performed three months
postoperatively. MRA images of the arm were acquired with a voxel size of 0.6x0.9x1.4 mm
for both AVFs with a 1.5 T scanner (Ingenia, Philips Healthcare, the Netherlands).
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Fig 1. Overview of the SIPAct level estimation in patient-specific AVF geometries. MRA-magnetic resonance angiography; CFD-computational fluid
dynamics.

https://doi.org/10.1371/journal.pone.0272342.g001

The haematocrit was equal to 33% in both patients. Standard coagulogical parameters and
additional clinical characteristics of patients are presented at S2 Text.

The study was approved by the Ethics Committee of the National Research Center for
Hematology. Serial MRA data of arteriovenous fistulas from 2 patients were acquired at MRI
and US diagnostic department of National Research Center for Hematology using protocols
approved by the Review Board of National Research Center for Hematology. Written informed
consent was obtained from all patients of this study in accordance with the Declaration of
Helsinki.

Patient-specific AVF geometries

Patient-specific geometries of the AVFs were reconstructed from MRA data via methods
described elsewhere (Fig 2) [43]. Straight cylindrical extensions with a length of at least one
diameter of the adjacent vessel were added to AVF vessels to ensure flow development [44]. A
hexahedral volume mesh was generated based on the reconstructed geometries. Four layers of
thin prism cells with a growth rate of 1.2 inwards were placed near the AVF vessel walls to
resolve the boundary layer [45]. The grid convergence index method was adopted to determine
the appropriate cell number in the computational meshes (S1 Text) [46]. The final volume
meshes contained approximately 930000 (AVF P1) and 950000 (AVF P2) cells with character-
istic sizes of 0.016 mm and 0.024 mm, respectively.

Basic equations

This work is aimed at the analysis of platelet activation initiated by the unfolding of VWF mul-
timers on platelet surfaces [24,26]. VWF unfolding is supposedly initiated under overcritical
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Fig 2. Patient-specific AVF geometries. The left column (A) shows raw non-contrast enhanced MRA data. The right column (B) shows
reconstructed three-dimensional AVF geometries. The white dashed rectangle in the raw MRA data delineates the zone of interest. The
black arrows indicate the direction of blood flow in the AVF vessels. Blood flows into the AVF through the artery inlet (I';) and leaves the
AVF through the artery (I, ) and vein (I"}, ) outlets in all CFD calculations. The P1 and P2 symbols designate the AVFs of the first and
second patients, respectively.

https://doi.org/10.1371/journal.pone.0272342.9002

cumulative shear stress [26]. The subsequent binding of VWF multimers with platelet GPIb
receptors triggers outside-in signalling, i.e., platelet priming [47,48]. Platelet priming leads to
platelet activation at which conspicuous functional consequences (e.g., P-selection expression)
are observed [19]. In this regard, the SIPAct level in the investigated region can be estimated
via the calculation of the priming platelet number [49].

The calculation of the SIPAct level was performed in several steps. First, unsteady Navier-
Stokes equations were solved [50]. As a result, the distributions of the velocity and static pres-
sure in the AVFs were obtained. Blood was treated as an incompressible Newtonian fluid. The
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dynamic viscosity was calculated via its well-established dependence on the haematocrit [51].
A time-dependent Poiseuille velocity profile was prescribed at the inlet (I'; , Fig 2) and outlet
(I"? . Fig 2) of the artery. The instantaneous average velocity was calculated based on the volu-
metric flow rate. Volumetric flow rate waveforms were adapted from the literature [52]. The
static pressure remained fixed, and velocity was allowed to float at the vein outlet (I} ,, Fig 2).
These boundary conditions are typically considered at the outflow boundary in internal flow
calculations [53]. A no-slip condition was prescribed at the vessel walls. The influence of vas-
cular distensibility on the distribution of the variables of interest was assumed to be non-signif-
icant (rigid wall assumption) [54,55].

After solving the Navier-Stokes equations, the distribution of the CSS in the AVFs was
obtained. For this purpose, components of the viscous shear stress tensor in the AVF were
determined via the calculated velocity distribution and patient dynamic viscosity [56]. The
magnitude of shear stress (7) on platelets at a given point of space was calculated as previously
described [56]. The calculated shear stress distribution 7 was considered in the estimation of

the CSS in the AVF according to the following equation:

%—F(V),?)CSS:T-Q(T—T#) (1)
where V denotes the velocity vector, ? is the nabla operator, 6(7—1;) denotes the Heaviside
function, and 7. = 74(N) denotes the threshold value of the shear stress for the VWF multimers
with a given number of monomers (N). Eq (1) states that only overcritical shear stress is con-
sidered in the cumulative shear stress calculation. The dependence of the shear stress threshold
on the VWF multimer size was derived earlier [26]. This dependence is approximated by the
following relation at N > 1:

T, =71, N7 (2)
where 1 is a dimensional factor. The following set of boundary conditions for Eq (1) was con-
sidered. The cumulative shear stress was equal to zero at the artery inlet (I'; , Fig 2). A zero-
gradient condition was prescribed at the artery (I'? ,, Fig 2) and vein (I}, Fig 2) outlets. This
condition is typically applied in modelling of passive scalar transport at the outflow boundary
[57]. A no-flux condition was prescribed at the vessel walls.

The obtained distribution of the CSS in the AVF was used to calculate the platelet priming
level. First, the following equation was solved:

oP — —
5+ (V.¥)p=—kp-0(CSs - Css,) (3)

where P denotes the concentration of resting platelets with globule-like VWF multimers
grafted onto the platelet surfaces, CSSy = CSSy(N) denotes the threshold cumulative shear
stress for unfolding of VWF multimers with a given size and k is a rate constant. The distribu-
tion of the priming platelet concentration (P,,) was further determined according to the follow-
ing balance condition:

P, =P, —P (4)
where Py is the initial resting platelet concentration. The value of CSS, for a given N in Eq (3)

was calculated via the explicit expression derived previously (S2 Text) [26]. The dependence
may be approximated at N > 1 with the expression:

CSS, ~ C-N'? (5)
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a
in’

where C is a dimensional factor. P was set to Py at the artery inlet (I}, Fig 2). A zero-gradient
condition was prescribed at the artery (I'? ,, Fig 2) and vein (I", ,, Fig 2) outlets. A no-flux con-

dition was set at the vessel walls.
The variable of the platelet activation level (PAL) was considered a characteristic of the

SIPAct level in the fistulas:
1 t0+At]
PAL = —/ 24t | -100% 6
At ), s ()

where At = mAt,, m denotes the number of cardiac cycles, Aty denotes the duration of a cardiac
cycle, ], is the convective flux of the priming platelets, and /5 is the total convective platelet
flux expressed as:

]a:f PV . ds (7)
v,
]z:% Po‘_/)'ﬁ> (8)

out

—
where dS denotes the surface vector of an infinitesimal part of the vein outlet, and P, was
introduced previously (Eq (4)).

The values of the parameters are given in S2 Text.

Methodology of SIPAct analysis in the AVF

The aim of the study was to calculate the dependence of the SIPAct level (Eq (6)) on the AVF
flow rate and VWF multimer size in patient-specific AVFs (Fig 2).

The influence of the first factor was investigated by varying the average volumetric flow rate
Q¢ per cardiac cycle at the arterial inlet (I'} , Fig 2). According to clinical studies, the value of
Q¢ may range from 300 mL/min to 1000 mL/min in successfully mature radiocephalic AVFs
[58,59]. In turn, the average flow rate in successfully mature brachiocephalic AVFs typically
ranges from 500 mL/min to 1500 mL/min [58,59]. In this work, the upper value of Q¢ was set
to 775 mL/min and 1350 mL/min for AVF P1 and AVF P2, respectively. The flow rate Q?,
through the arterial outlet (I" , Fig 2) was set to 50 mL/min, and the flow direction was cho-

out?

sen to be anterograde, i.e., directed towards the hand. The lower value of Q;, was set to 150

a
out

the fistula vein (AVF flow rate) Q?* was considered during post-processing of the calculation

mL/min as the value of Q¢ , rarely exceeds one-third of Qf, [60]. The average flow rate through

results:
QZut = Q?n - qut (9)

The time-dependent volumetric flow rate waveforms are given in S3 Text.

The number of monomeric subunits (N) in the VWF multimers ranges from 2 to 80 under
physiological conditions [61]. VWF multimers with a size smaller than 10 do not practically
affect platelets [62-64]. In turn, VWF multimers with more than 80 monomers are detected in
blood only under certain pathological conditions [61]. In this work, the value of N ranges from
10 to 100 monomers, unless otherwise specified. The VWF size distribution in blood plasma is
assumed to be monodisperse.

Preliminary calculations indicated that different numbers of cardiac cycles are needed for
the establishment of quasiperiodic oscillations of J, and Jx (Eqs (7) and (8)) at low and high
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AVF flow rates, respectively. The duration of the calculations ranged from 6 to 15 s (S4 Text).
The limitations of the current approach are discussed in S5 Text.

Numerical methods and programs

Reconstruction of the patient-specific AVF geometries was performed in SimVascular soft-
ware [43]. Computational meshes were generated in CF-MESH+ software (N2128-14790459).
CFD calculations were performed in OpenFOAM software [65]. The Navier-Stokes equations,
Eqs (1) and (3), were solved numerically via the finite volume method with splitting techniques
[66-68]. To discretize the convective term in the Navier-Stokes equations, a high-resolution
scheme was adopted [69]. The upwind scheme was applied to discretize the convective terms
in Egs (1) and (3) [66,70]. The time term in all partial differential equations was discretized via
the Crank-Nicholson scheme [71]. An adjusted time step was used, whose size was calculated
from the condition of Co < 1, where Co is the Courant number [30]. The Navier-Stokes equa-
tions were solved with the PISO algorithm [72]. A DIC-preconditioned conjugate-gradient
(PCQ) linear solver was used to calculate the pressure field, and a DILU-preconditioned bicon-
jugate gradient stabilized (BiCGSTAB) linear solver was used for the remaining fields [73].
Visualization of the calculation results was performed in ParaView software [74].

Results

The distribution of the key variables in the AVF P1 at the different stages of the cardiac cycle is
shown in Fig 3 (Q’ , = 725 mL/min, N = 100). The analysis of the calculated streamline behav-
iour demonstrated that blood flow in the fistula vein exhibited a complex nature throughout
the cardiac cycle (Fig 3A). The flow originating from the proximal part of the artery (i.e.,
located closer to the heart from anastomosis) formed a recirculation zone along an inner
venous wall. The blood flow in this zone was characterized by an irregular change of the direc-
tion of the velocity vector. The observed flow unsteadiness additionally indicated that both the
amplitude and duration of the shear stress should be considered in the estimation of the blood
flow effect on platelets. Zones of overcritical shear stress and cumulative shear stress satisfying
the conditions of 7 > 7, and CSS > CSS,, respectively, occurred adjacent to the proximal part
of the artery wall and the outer fistula vein wall (Fig 3B and 3C, respectively). The presence of
these zones caused platelet priming in the fistula vein throughout the entire cardiac cycle (Fig
3D). The SIPAct level (Eq (6)) did not exceed 2%.

The calculation results of SIPAct in AVF P2 (Fig 2) are shown in Fig 4 (Q’, = 1300 mL/
min, N = 100). The streamline behaviour throughout the cardiac cycle was qualitatively similar
to that in AVF P1 (Fig 4A). Zones of overcritical shear stress and cumulative shear stress were
observed throughout the entire cardiac cycle (Fig 4B and 4C). The SIPAct level in the AVF P2
did not exceed 0.2%.

The influence of the AVF flow rate and VWF multimer size on the level of SIPAct was
investigated in both AVFs (Fig 5). The SIPAct level monotonically increased with an increas-
ing flow rate in both AVFs (Fig 5; S6 Text). In the fistula of the first patient, the SIPAct level
was equal at a certain value of the flow rate Q; for the VWF multimer sizes N = 10 and N = 100
(Fig 5A). The SIPAct level was higher for larger multimer sizes (N = 100) at flow rates Q, < Q.
In the case of Q, > Q;, the SIPAct level was higher for smaller VWF multimer sizes (N = 10).

Notably, the intersection point of Q; was not observed in the AVF P2 (Fig 5B). The larger
the VWF multimer size was, the higher the SIPAct level. Consequently, larger VWF multimers
could pose a higher risk of SIPAct over the investigated range of flow rates in AVF P2.

v
out
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Fig 3. Key calculated variables in the AVF P1 in systole (upper row) and diastole (lower row). The distributions of the velocity magnitude |V | (A), shear
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and red colours correspond to the lowest and highest variable values, respectively. The links for the supporting movies are available in S6 Text.
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The results (Fig 5) were approximated by an equation with the following form:
PAL=a(Q" - Q,) (10)

where g, Q. and f3 are approximation parameters. The exponent 3 was found to be a decreas-
ing function of the VWF multimer size for both patients (Table S6.1 in S6 Text). The obtained
result suggests that the SIPAct level for smaller VWEF size should exceed the SIPAct level for
larger VWF size with an increasing flow rate in AVF P2. In this regard, the point of Q; seems
to lie outside the investigated range of the flow rate (Fig 5B). The abscissa of the curve intersec-
tion point (Q;) was equal to approximately 1585 mL/min for AVF P2. This value exceeds the
maximum flow value applied in the simulations (1300 mL/min).

The calculations also indicated that the SIPAct level in AVF P1 is nonzero up to the mini-
mum AVF flow rate (Q’,, = 100 mL/min, Fig 5A). In this regard, estimation of the critical flow
(Qcr» Eq (10)) was performed via the correlation coefficient maximization method [75]. In
turn, the critical flow rates in the case of AVF P2 were obtained via the bisection method. The
smaller the multimer size was, the higher the critical flow rate for both AVFs. The founded
critical flow rates for the AVFs are presented in S6 Text.
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The influence of the VWF multimer size on the SIPAct level is shown in Fig 6. The SIPAct
level monotonically increased with increasing multimer size at a relatively low flow rate (300
mL/min, Fig 6A). However, the SIPAct level was a decreasing function of the VWF multimer
size at a higher flow rate (725 mL/min). This suggests that a reduction in the VWF size may
paradoxically lead to an increase in the SIPAct level at sufficiently high flow rates through
AVF P1.

A parametric diagram of SIPAct in the AVF was obtained for both patients (Fig 7). The
dependence of the critical flow rate Q. on the VWF multimer size enabled us to distinguish
two parameter regions. The first region corresponds to the values of the parameters where no
SIPAct was observed (region I). In turn, the second region is the region of the values of the
parameters for which SIPAct should occur (region II). The critical flow rate monotonically
decreased with increasing VWF multimer size. Thus, a lower AVF flow rate is needed to
induce SIPAct at larger VWF multimer sizes in both AVFs.

The AVF should maintain a minimum blood flow of 300 mL/min to sustain effective hae-
modialysis [76]. The critical flow rates for AVF P1 were significantly lower than the abovemen-
tioned value (Fig 7A). This suggests that SIPAct should occur within a practically important
flow rate range in this case. In contrast, the SIPAct level remained zero up to flow rates of
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approximately 740 mL/min (Q!") and 400 mL/min (Q'") in the AVF P2 (Fig 7B). It can be
concluded that SIPAct is not a thrombosis risk factor for the second patient up to the deter-
mined critical flow rates.

Discussion

In the current work, a patient-specific approach for the modelling of SIPAct in AVFs was
developed. This approach is based on the idea that the critical shear stress and critical cumula-
tive shear stress depend on the VWF multimer size (Eqs (2) and (5)) [24,26]. The SIPAct level
in the AVF is calculated via CFD methods considering the abovementioned dependencies and
realistic geometries of the fistula vessels reconstructed from medical images. The capabilities
of the approach for the analysis of SIPAct in patient-specific AVF geometries were demon-
strated (Figs 5-7).

Methods for SIPAct modelling via medical imaging and CFD methods began to develop
since the early 2000s [77-79]. These approaches were focused on the investigation of bio-
mechanical factors influencing the initiation of thrombus formation. In particular, the pres-
ence of overcritical shear stress zones was explored.

In the current work, the SIPAct level dependence on both biomechanical factors (Fig 5)
and the VWF multimer size (Fig 6) were analysed. The influence of the VWF multimer size on
the SIPAct level in AVF P1 yielded opposite effects at low and high AVF flow rates (Fig 6A). In
particular, the SIPAct level increased with decreasing VWF size at high flow rates. This effect
was not observed in the AVF P2 (Fig 6B). It was shown that SIPAct in AVF P2 may be
completely absent within the physiological range of the VWF multimer size at flow rates suffi-
cient for haemodialysis (Fig 7A). In contrast, SIPAct in AVF P1 should be initiated within the
practically important range of the flow rate (Fig 7B).

The obtained results vary for different patients. Thus, patient-specific factors such as the
anatomical structure of the AVF vessel and emerging flow abnormalities might be considered
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as a source of additional risk of thrombotic complications in haemodialysis patients. More-
over, the approach developed in the current paper allows to quantitatively characterize these
individual factors from the point of view of potential platelet activation risk. Further studies on
sufficiently large cohorts of patients will be necessary to determine clinical prognostic value of
the developed approach [80,81]. Also, a careful correlation analysis including the results of
numerical simulations and different other biomarkers (e.g. sP-selectin, GPIIb-IIIa) will be
needed to determine the relative impact of SIPAct on the thrombosis risk in haemodialysis
patients. Such a broad-scale research might become possible in the nearest future through col-
laboration with several clinical centers.

It was shown that the shift in the VWF size distribution towards smaller multimers may
lead to an increase in the SIPAct level at sufficiently high AVF flow rates (Fig 6A). It may be
supposed that the efficacy reduction of antiplatelet therapy in haemodialysis patients could be
related to this fact [35,82]. These therapies are based on common drugs that do not sufficiently
block shear-induced activation pathway in platelets [20,83,84]. Moreover, a shift in the VWF
distribution to smaller multimers has been observed in haemodialysis patients [85]. We sup-
pose that the use of drugs capable of effectively blocking SIPAct should reduce the level of
thrombotic complications in haemodialysis patients [86,87].

The SIPAct level should initiate thrombus formation in cases when the level exceeds a cer-
tain individual value. It seems promising to conduct experiments aimed at the systematic
investigation of the interpatient threshold variability in haemodialysis patients [20,88].

We suppose that the SIPAct level in the AVF is one of the risk factors for thromboembolic
complications in haemodialysis patients [33]. Platelets move downstream from their priming loca-
tion after passing the overcritical shear stress zone in a fistula. As a result, primed platelets are
capable of provoking thromboembolic complications in distal vascular networks [16,19,20,89].

Acoustic diagnostic methods are of great interest to reduce the level of thrombotic complica-
tions in haemodialysis patients. To date, ultrasound methods have been applied not only for the
acquisition of information on biomechanical AVF features (vessel geometry and flow waveforms)
[44] but also for the direct detection of the initiation of thrombus formation [90]. Estimation of
the SIPAct level in combination with the abovementioned methods may reduce the level of life-
threatening complications in haemodialysis patients via timely antithrombotic intervention.

Arterial pressure rise leads to an increase in the AVF flow rate and consequently in the
value of cumulative shear stress. In accordance with the current work, these changes should
lead to an increase in the SIPAct level in a fistula. In contrast, a decrease in blood flow should
reduce the cumulative shear stress. Moreover, a decrease in the blood flow rate below the
threshold level should lead to the absence of SIPAct. From this point of view, even short-term
physical activity or severe emotional stress could be additional risk factors for thrombotic
complications in haemodialysis patients. The relationship of these factors with a thrombotic
complication risk increase has been established for the general population [91,92]. It is of
interest to investigate the role of SIPAct, which can be initiated by pressure spikes, in the
occurrence of thrombotic complications in haemodialysis patients.

The current approach enables us to estimate the critical flow rate in patient-specific AVFs
at the given VWF multimer size (Fig 7). Thus, an opportunity for the estimation of patient-
specific safe blood pressure is created. The assessment of the indicated individual blood pres-
sure level can be of clinical interest.

Conclusion

In this paper, a patient-specific approach for the estimation of the SIPAct level in AVFs was
developed. This approach is based on a combination of modern medical imaging technologies,
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CFD methods, and the mathematical model of platelet activation induced by unfolding of the
VWF multimers [24,26]. The in silico approach may be applied for the determination of spe-
cific ways of thrombotic complication reduction in haemodialysis patients considering their
individual features.

Supporting information

S1 Text. Estimation of the discretization error.
(PDF)

$2 Text. Parameter values and patient-specific data.
(PDF)

S3 Text. Flow rate waveforms.
(PDF)

$4 Text. Duration of computational experiments.
(PDF)

S5 Text. Limitations.
(PDF)

S6 Text. Additional results.
(PDF)

Acknowledgments

This work has been carried out using computing resources of the federal collective usage cen-
ter Complex for Simulation and Data Processing for Mega-science Facilities at NRC “Kurcha-
tov Institute”, http://ckp.nrcki.ru/.

We are grateful to Dr. E.V. Gorina from Moscow Institute of Physics and Technology for
supporting this work. We thank Dr. G.A. Yatsyk from MRI and US diagnostic department of
National Research Center for Hematology for valuable comments. We are grateful to S.A.
Romanov from Moscow Institute of Physics and Technology for the assistance in preparing
the visualization materials.

Author Contributions

Conceptualization: Denis M. Pushin, Lyudmila S. Biryukova, Georgy Th Guria.
Data curation: Igor V. Nesterenko.

Formal analysis: Tatiana Yu Salikhova.

Funding acquisition: Georgy Th Guria.

Investigation: Tatiana Yu Salikhova.

Methodology: Denis M. Pushin.

Project administration: Lyudmila S. Biryukova, Georgy Th Guria.
Resources: Igor V. Nesterenko.

Software: Denis M. Pushin.

Supervision: Georgy Th Guria.

Validation: Tatiana Yu Salikhova.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272342  October 3, 2022 13/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272342.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272342.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272342.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272342.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272342.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272342.s006
http://ckp.nrcki.ru/
https://doi.org/10.1371/journal.pone.0272342

PLOS ONE

Patient-specific approach to analysis of shear-induced platelet activation in haemodialysis AVF

Visualization: Denis M. Pushin.

Writing - original draft: Tatiana Yu Salikhova.

Writing - review & editing: Tatiana Yu Salikhova, Denis M. Pushin, Igor V. Nesterenko,

Lyudmila S. Biryukova, Georgy Th Guria.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

Michelson AD, Cattaneo M, Frelinger A, Newman P. Platelets. Fourth edition. London, England: Aca-
demic press; 2019.

Key NS, Makris M, Lillicrap D. Practical hemostasis and thrombosis. Third edition. Hoboken, USA:
John Wiley & Sons Inc; 2016.

Casa LD, Ku DN. Thrombus formation at high shear rates. Annu Rev Biomed Eng. 2017; 19:415-33.
https://doi.org/10.1146/annurev-bioeng-071516-044539 PMID: 28441034

Hansen CE, Qiu Y, McCarty OJ, Lam WA. Platelet mechanotransduction. Annu Rev Biomed Eng.
2018; 20:253-75. https://doi.org/10.1146/annurev-bioeng-062117-121215 PMID: 29865873

Lo6f A, Mdller JP, Brehm MA. A biophysical view on von Willebrand factor activation. J Cell Physiol.
2018; 233(2):799-810. https://doi.org/10.1002/jcp.25887 PMID: 28256724

Schneider SW, Nuschele S, Wixforth A, Gorzelanny C, Alexander-Katz A, Netz RR et al. Shear-induced
unfolding triggers adhesion of von Willebrand factor fibers. PNAS. 2007; 104(19):7899-903. https://doi.
org/10.1073/pnas.0608422104 PMID: 17470810

Ruggeri ZM. The role of von Willebrand factor in thrombus formation. Thromb Res. 2007; 120(Suppl 1):
S5-S9. https://doi.org/10.1016/j.thromres.2007.03.011 PMID: 17493665

Okhota S, Melnikov |, Avtaeva Y, Kozlov S, Gabbasov Z. Shear stress-induced activation of von Willeb-
rand factor and cardiovascular pathology. Int J Mol Sci. 2020; 21(20):7804. https://doi.org/10.3390/
ijms21207804 PMID: 33096906

Ruggeri ZM. Platelets in atherothrombosis. Nat Med. 2002; 8(11):1227-34. https://doi.org/10.1038/
nm1102-1227 PMID: 12411949

Naimushin YA, Mazurov AV. Von Willebrand factor can support platelet aggregation via interaction with
activated GPllb—Illa and GPIb. Platelets. 2004; 15(7):419-25. https://doi.org/10.1080/
09537100410001721333 PMID: 15745313

Broos K, De Meyer SF, Feys HB, Vanhoorelbeke K, Deckmyn H. Blood platelet biochemistry. Thromb
Res. 2012; 129(3):245-9. https://doi.org/10.1016/j.thromres.2011.11.002 PMID: 22119499

Jackson SP. Arterial thrombosis—insidious, unpredictable and deadly. Nat Med. 2011; 17(11):1423—
36. https://doi.org/10.1038/nm.2515 PMID: 22064432

Rana A, Westein E, Niego BE, Hagemeyer CE. Shear-dependent platelet aggregation: mechanisms
and therapeutic opportunities. Front Cardiovasc Med. 2019; 6:141. https://doi.org/10.3389/fcvm.2019.
00141 PMID: 31620451

Roka-Moiia Y, Walk R, Palomares DE, Ammann KR, Dimasi A, Italiano JE et al. Platelet activation via
shear stress exposure induces a differing pattern of biomarkers of activation versus biochemical ago-
nists. Thromb Haemost. 2020; 120(5):776-92. https://doi.org/10.1055/s-0040-1709524 PMID:
32369849

Kroll MH, Hellums JD, Mclntire LV, Schafer Al, Moake JL. Platelets and shear stress. Blood. 1996; 88
(5):1525—41. https://doi.org/10.1182/blood.V88.5.1525.1525 PMID: 8781407

Holme PA, @rvim U, Hamers MJ, Solum NO, Brosstad FR, Barstad RM et al. Shear-induced platelet
activation and platelet microparticle formation at blood flow conditions as in arteries with a severe steno-
sis. Arterioscler Thromb Vasc Biol. 1997; 17(4):646-53. https://doi.org/10.1161/01.atv.17.4.646 PMID:
9108776

Majumdar S, Patil CN, Ladner-Threadgill T, Randolph E, Burgreen GW, Kermode JC. Platelet activation
and erythrocyte lysis during brief exposure of blood to pathophysiological shear stress in vitro. Clin
Hemorheol Microcirc. 2017; 67(2):159-72. https://doi.org/10.3233/CH-170256 PMID: 28800323

Slepian MJ, Sheriff J, Hutchinson M, Tran P, Bajaj N, Garcia JG et al. Shear-mediated platelet activation
in the free flow: Perspectives on the emerging spectrum of cell mechanobiological mechanisms mediat-
ing cardiovascular implant thrombosis. J Biomech. 2017; 50:20-5. https://doi.org/10.1016/j.jbiomech.
2016.11.016 PMID: 27887727

Rahman SM, Eichinger CD, Hlady V. Effects of upstream shear forces on priming of platelets for down-
stream adhesion and activation. Acta Biomater. 2018; 73:228-35. https://doi.org/10.1016/j.actbio.2018.
04.002 PMID: 29654993

PLOS ONE | https://doi.org/10.1371/journal.pone.0272342  October 3, 2022 14/18


https://doi.org/10.1146/annurev-bioeng-071516-044539
http://www.ncbi.nlm.nih.gov/pubmed/28441034
https://doi.org/10.1146/annurev-bioeng-062117-121215
http://www.ncbi.nlm.nih.gov/pubmed/29865873
https://doi.org/10.1002/jcp.25887
http://www.ncbi.nlm.nih.gov/pubmed/28256724
https://doi.org/10.1073/pnas.0608422104
https://doi.org/10.1073/pnas.0608422104
http://www.ncbi.nlm.nih.gov/pubmed/17470810
https://doi.org/10.1016/j.thromres.2007.03.011
http://www.ncbi.nlm.nih.gov/pubmed/17493665
https://doi.org/10.3390/ijms21207804
https://doi.org/10.3390/ijms21207804
http://www.ncbi.nlm.nih.gov/pubmed/33096906
https://doi.org/10.1038/nm1102-1227
https://doi.org/10.1038/nm1102-1227
http://www.ncbi.nlm.nih.gov/pubmed/12411949
https://doi.org/10.1080/09537100410001721333
https://doi.org/10.1080/09537100410001721333
http://www.ncbi.nlm.nih.gov/pubmed/15745313
https://doi.org/10.1016/j.thromres.2011.11.002
http://www.ncbi.nlm.nih.gov/pubmed/22119499
https://doi.org/10.1038/nm.2515
http://www.ncbi.nlm.nih.gov/pubmed/22064432
https://doi.org/10.3389/fcvm.2019.00141
https://doi.org/10.3389/fcvm.2019.00141
http://www.ncbi.nlm.nih.gov/pubmed/31620451
https://doi.org/10.1055/s-0040-1709524
http://www.ncbi.nlm.nih.gov/pubmed/32369849
https://doi.org/10.1182/blood.V88.5.1525.1525
http://www.ncbi.nlm.nih.gov/pubmed/8781407
https://doi.org/10.1161/01.atv.17.4.646
http://www.ncbi.nlm.nih.gov/pubmed/9108776
https://doi.org/10.3233/CH-170256
http://www.ncbi.nlm.nih.gov/pubmed/28800323
https://doi.org/10.1016/j.jbiomech.2016.11.016
https://doi.org/10.1016/j.jbiomech.2016.11.016
http://www.ncbi.nlm.nih.gov/pubmed/27887727
https://doi.org/10.1016/j.actbio.2018.04.002
https://doi.org/10.1016/j.actbio.2018.04.002
http://www.ncbi.nlm.nih.gov/pubmed/29654993
https://doi.org/10.1371/journal.pone.0272342

PLOS ONE

Patient-specific approach to analysis of shear-induced platelet activation in haemodialysis AVF

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

Xu S, Piao J, Lee B, Lim C, Shin S. Platelet thrombus formation by upstream activation and downstream
adhesion of platelets in a microfluidic system. Biosens Bioelectron. 2020; 165:112395. https://doi.org/
10.1016/j.bios.2020.112395 PMID: 32729516

Han D, Zhang J, Griffith BP, Wu ZJ. Models of shear-induced platelet activation and numerical imple-
mentation with computational fluid dynamics approaches. J Biomech Eng. 2022; 144(4):040801.
https://doi.org/10.1115/1.4052460 PMID: 34529037

Sheriff J, Soares JS, Xenos M, Jesty J, Bluestein D. Evaluation of shear-induced platelet activation
models under constant and dynamic shear stress loading conditions relevant to devices. Ann Biomed
Eng. 2013; 41(6):1279-96. https://doi.org/10.1007/s10439-013-0758-x PMID: 23400312

Hansen KB, Arzani A, Shadden SC. Mechanical platelet activation potential in abdominal aortic aneu-
rysms. J Biomech Eng. 2015; 137(4):041005. https://doi.org/10.1115/1.4029580 PMID: 25588057

Zlobina KE, Guria GT. Platelet activation risk index as a prognostic thrombosis indicator. Sci Rep. 2016;
6:30508. https://doi.org/10.1038/srep30508 PMID: 27461235

Pushin DM, Salikhova TY, Biryukova LS, Guria GT. Loss of stability of the blood liquid state and assess-
ment of shear-Induced thrombosis risk. Radiophys Quantum Electron. 2021; 63(9—10):804-25. https://
doi.org/10.1007/s11141-021-10097-5

Pushin DM, Salikhova TY, Zlobina KE, Guria GT. Platelet activation via dynamic conformational
changes of von Willebrand factor under shear. PloS One. 2020; 15:0234501. https://doi.org/10.1371/
journal.pone.0234501 PMID: 32525962

Umar A, Atabo S. A review of imaging techniques in scientific research/clinical diagnosis. MOJ Anat
Physiol. 2019; 6(5):175-83. https://doi.org/10.15406/mojap.2019.06.00269

Carr JC, Carroll TJ. Magnetic resonance angiography: principles and applications. New York, USA:
Springer Science & Business Media; 2011.

Morris PD, Narracott A, von Tengg-Kobligk H, Soto DA, Hsiao S, Lungu A et al. Computational fluid
dynamics modelling in cardiovascular medicine. Heart. 2016; 102(1):18-28. https://doi.org/10.1136/
heartjnl-2015-308044 PMID: 26512019

Ferziger JH, Peric M, Street R. Computational Methods for Fluid Dynamics. Fourth Edition. Cham,
Switzerland: Springer Nature; 2020.

Lok CE, Huber TS, Lee T, Shenoy S, Yevzlin AS, Abreo KLok CE et al. KDOQI clinical practice guide-
line for vascular access: 2019 update. Am J Kidney Dis. 2020; 75(4 Suppl 2):S1-S164. https://doi.org/
10.1053/j.ajkd.2019.12.001 PMID: 32778223

Lawson JH, Niklason LE, Roy-Chaudhury P. Challenges and novel therapies for vascular access in
haemodialysis. Nat Rev Nephrol. 2020; 16(10):586—602. https://doi.org/10.1038/s41581-020-0333-2
PMID: 32839580

Masson P, Kelly PJ, Craig JC, Lindley RI, Webster AC. Risk of stroke in patients with ESRD. Clin J Am
Soc Nephrol. 2015; 10(9):1585-92. https://doi.org/10.2215/CJN.12001214 PMID: 26209158

Quencer KB, Oklu R. Hemodialysis access thrombosis. Cardiovasc Diagn Ther. 2017; 7(Suppl 3):
$299-S308. https://doi.org/10.21037/cdt.2017.09.08 PMID: 29399534

Burlacu A, Genovesi S, Ortiz A, Combe C, Basile C, Schneditz D et al. Pros and cons of antithrombotic
therapy in end-stage kidney disease: a 2019 update. Nephrol Dial Transplant. 2019; 34(6):923-33.
https://doi.org/10.1093/ndt/gfz040 PMID: 30879070

Koénigsbriigge O, Schmaldienst S, Auinger M, Klauser-Braun R, Lorenz M, Tabernig S et al. Antithrom-
botic agents for primary and secondary prevention of cardiovascular events in patients with end-stage
renal disease on chronic hemodialysis. Atherosclerosis. 2020; 298:1-6. https://doi.org/10.1016/].
atherosclerosis.2020.02.011 PMID: 32126388

Stolic R. Most important chronic complications of arteriovenous fistulas for hemodialysis. Med Princ
Pract. 2013; 22(3):220-8. https://doi.org/10.1159/000343669 PMID: 23128647

Ramstack JM, Zuckerman L, Mockros LF. Shear-induced activation of platelets. J Biomech. 1979; 12
(2):113-25. https://doi.org/10.1016/0021-9290(79)90150-7 PMID: 422576

Rahman SM, Hlady V. Microfluidic assay of antiplatelet agents for inhibition of shear-induced platelet
adhesion and activation. Lab Chip. 2021; 21:174-83. https://doi.org/10.1039/d0lc00756k PMID:
33242045

Bluestein D, Niu L, Schoephoerster RT, Dewanjee MK. Fluid mechanics of arterial stenosis: relationship
to the development of mural thrombus. Ann Biomed Eng. 1997; 25(2):344—56. https://doi.org/10.1007/
BF02648048 PMID: 9084839

Wang S, Griffith BP, Wu ZJ. Device-induced hemostatic disorders in mechanically assisted circulation.
Clin Appl Thromb Hemost. 2021; 27:1—14. https://doi.org/10.1177/1076029620982374 PMID:
33571008

PLOS ONE | https://doi.org/10.1371/journal.pone.0272342  October 3, 2022 15/18


https://doi.org/10.1016/j.bios.2020.112395
https://doi.org/10.1016/j.bios.2020.112395
http://www.ncbi.nlm.nih.gov/pubmed/32729516
https://doi.org/10.1115/1.4052460
http://www.ncbi.nlm.nih.gov/pubmed/34529037
https://doi.org/10.1007/s10439-013-0758-x
http://www.ncbi.nlm.nih.gov/pubmed/23400312
https://doi.org/10.1115/1.4029580
http://www.ncbi.nlm.nih.gov/pubmed/25588057
https://doi.org/10.1038/srep30508
http://www.ncbi.nlm.nih.gov/pubmed/27461235
https://doi.org/10.1007/s11141-021-10097-5
https://doi.org/10.1007/s11141-021-10097-5
https://doi.org/10.1371/journal.pone.0234501
https://doi.org/10.1371/journal.pone.0234501
http://www.ncbi.nlm.nih.gov/pubmed/32525962
https://doi.org/10.15406/mojap.2019.06.00269
https://doi.org/10.1136/heartjnl-2015-308044
https://doi.org/10.1136/heartjnl-2015-308044
http://www.ncbi.nlm.nih.gov/pubmed/26512019
https://doi.org/10.1053/j.ajkd.2019.12.001
https://doi.org/10.1053/j.ajkd.2019.12.001
http://www.ncbi.nlm.nih.gov/pubmed/32778223
https://doi.org/10.1038/s41581-020-0333-2
http://www.ncbi.nlm.nih.gov/pubmed/32839580
https://doi.org/10.2215/CJN.12001214
http://www.ncbi.nlm.nih.gov/pubmed/26209158
https://doi.org/10.21037/cdt.2017.09.08
http://www.ncbi.nlm.nih.gov/pubmed/29399534
https://doi.org/10.1093/ndt/gfz040
http://www.ncbi.nlm.nih.gov/pubmed/30879070
https://doi.org/10.1016/j.atherosclerosis.2020.02.011
https://doi.org/10.1016/j.atherosclerosis.2020.02.011
http://www.ncbi.nlm.nih.gov/pubmed/32126388
https://doi.org/10.1159/000343669
http://www.ncbi.nlm.nih.gov/pubmed/23128647
https://doi.org/10.1016/0021-9290%2879%2990150-7
http://www.ncbi.nlm.nih.gov/pubmed/422576
https://doi.org/10.1039/d0lc00756k
http://www.ncbi.nlm.nih.gov/pubmed/33242045
https://doi.org/10.1007/BF02648048
https://doi.org/10.1007/BF02648048
http://www.ncbi.nlm.nih.gov/pubmed/9084839
https://doi.org/10.1177/1076029620982374
http://www.ncbi.nlm.nih.gov/pubmed/33571008
https://doi.org/10.1371/journal.pone.0272342

PLOS ONE

Patient-specific approach to analysis of shear-induced platelet activation in haemodialysis AVF

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Rowlands GW, Pagani FD, Antaki JF. Classification of the frequency, severity, and propagation of
thrombi in the HeartMate Il left ventricular assist device. ASAIO J. 2020; 66(9):992-9. https://doi.org/10.
1097/MAT.0000000000001151 PMID: 32243265

Updegrove A, Wilson NM, Merkow J, Lan H, Marsden AL, Shadden SC. SimVascular: an open source
pipeline for cardiovascular simulation. Ann Biomed Eng. 2017; 45(3):525—41. https://doi.org/10.1007/
$10439-016-1762-8 PMID: 27933407

Carroll JE, Colley ES, Thomas SD, Varcoe RL, Simmons A, Barber TJ. Tracking geometric and hemo-
dynamic alterations of an arteriovenous fistula through patient-specific modelling. Comput Methods
Programs Biomed. 2020; 186:105203. https://doi.org/10.1016/j.cmpb.2019.105203 PMID: 31765935

Taylor CA, Figueroa CA. Patient-specific modeling of cardiovascular mechanics. Annu Rev Biomed
Eng. 2009; 11:109-34. https://doi.org/10.1146/annurev.bioeng.10.061807.160521 PMID: 19400706

Celik IB, Ghia U, Roache PJ, Freitas CJ. Procedure for estimation and reporting of uncertainty due to
discretization in CFD applications. J Fluids Eng. 2008; 130(7):078001. https://doi.org/10.1115/1.
2960953

Andrews RK, Lopez J, Berndt MC. Molecular mechanisms of platelet adhesion and activation. Int J Bio-
chem Cell Biol. 1997; 29(1):91-105. https://doi.org/10.1016/s1357-2725(96)00122-7 PMID: 9076944

FangJ, Sun X, Liu S, Yang P, Lin J, Feng J et al. Shear stress accumulation enhances von Willebrand
factor-induced platelet P-selectin translocation in a PISK/Akt pathway-dependent manner. Front Cell
Dev Biol. 2021; 9:642108. https://doi.org/10.3389/fcell.2021.642108 PMID: 34141704

Lee H, Kim G, Lim C, Lee B, Shin S. A simple method for activating the platelets used in microfluidic
platelet aggregation tests: Stirring-induced platelet activation. Biomicrofluidics. 2016; 10(6):064118.
https://doi.org/10.1063/1.4972077 PMID: 28058084

Versteeg HK, Malalasekera W. An introduction to computational fluid dynamics: the finite volume
method. Second edition. Harlow, England: Pearson education; 2007.

Guyton AC, Hall JE. Textbook of Medical Physiology. Eleventh edition. Philadelphia, USA: Elsevier
Saunders; 2006.

Ene-lordache B, Remuzzi A. Disturbed flow in radial-cephalic arteriovenous fistulae for haemodialysis:
low and oscillating shear stress locates the sites of stenosis. Nephrol Dial Transplant. 2012; 27(1):358—
68. https://doi.org/10.1093/ndt/gfr342 PMID: 21771751

Anderson JD. Computational fluid dynamics. The basics with applications. New York, USA: McGraw-
Hill; 1995.

Decorato I, Kharboutly Z, Vassallo T, Penrose J, Legallais C, Salsac AV. Numerical simulation of the
fluid structure interactions in a compliant patient-specific arteriovenous fistula. Int J Numer Method
Biomed Eng. 2014; 30(2):143-59. https://doi.org/10.1002/cnm.2595 PMID: 24493402

McGah PM, Leotta DF, Beach KW, Aliseda A. Effects of wall distensibility in hemodynamic simulations
of an arteriovenous fistula. Biomech Model Mechanobiol. 2014; 13(3):679-95. https://doi.org/10.1007/
$10237-013-0527-7 PMID: 24037281

Bessonov N, Sequeira A, Simakov S, Vassilevskii Y, Volpert V. Methods of blood flow modelling. Math
Model Nat Phenom. 2016; 11(1):1-25. https://doi.org/10.1051/mmnp/201611101

Hirsch C. Numerical computation of internal and external flows: The fundamentals of computational
fluid dynamics. Second edition. Burlington, USA: Butterworth-Heinemann; 2007.

Caroli A, Manini S, Antiga L, Passera K, Ene-lordache B, Rota S, et al. Validation of a patient-specific
hemodynamic computational model for surgical planning of vascular access in hemodialysis patients.
Kidney Int. 2013; 84(6):1237—-45. https://doi.org/10.1038/ki.2013.188 PMID: 23715122

Robbin ML, Greene T, Cheung AK, Allon M, Berceli SA, Kaufman JS, et al. Arteriovenous fistula devel-
opment in the first 6 weeks after creation. Radiology. 2016; 279(2):620-9. https://doi.org/10.1148/
radiol.2015150385 PMID: 26694050

Sivanesan S, How TV, Bakran A. Characterizing flow distributions in AV fistulae for haemodialysis
access. Nephrol Dial Transplant. 1998; 13(12):3108-10. https://doi.org/10.1093/ndt/13.12.3108 PMID:
9870474

Horiuchi H, Doman T, Kokame K, Saiki Y, Matsumoto M. Acquired von Willebrand syndrome associated
with cardiovascular diseases. J Atheroscler Thromb. 2019; 26(4):303—14. https://doi.org/10.5551/jat.
RV17031 PMID: 30867356

Stockschlaeder M, Schneppenheim R, Budde U. Update on von Willebrand factor multimers: focus on
high-molecular-weight multimers and their role in hemostasis. Blood Coagul Fibrinolysis. 2014; 25
(3):206—16. https://doi.org/10.1097/MBC.0000000000000065 PMID: 24448155

Mody NA, King MR. Platelet adhesive dynamics. Part II: high shear-induced transient aggregation via
GPIba-vWF-GPIba bridging. Biophys J. 2008; 95(5):2556—74. https://doi.org/10.1529/biophysj.107.
128520 PMID: 18515386

PLOS ONE | https://doi.org/10.1371/journal.pone.0272342  October 3, 2022 16/18


https://doi.org/10.1097/MAT.0000000000001151
https://doi.org/10.1097/MAT.0000000000001151
http://www.ncbi.nlm.nih.gov/pubmed/32243265
https://doi.org/10.1007/s10439-016-1762-8
https://doi.org/10.1007/s10439-016-1762-8
http://www.ncbi.nlm.nih.gov/pubmed/27933407
https://doi.org/10.1016/j.cmpb.2019.105203
http://www.ncbi.nlm.nih.gov/pubmed/31765935
https://doi.org/10.1146/annurev.bioeng.10.061807.160521
http://www.ncbi.nlm.nih.gov/pubmed/19400706
https://doi.org/10.1115/1.2960953
https://doi.org/10.1115/1.2960953
https://doi.org/10.1016/s1357-2725%2896%2900122-7
http://www.ncbi.nlm.nih.gov/pubmed/9076944
https://doi.org/10.3389/fcell.2021.642108
http://www.ncbi.nlm.nih.gov/pubmed/34141704
https://doi.org/10.1063/1.4972077
http://www.ncbi.nlm.nih.gov/pubmed/28058084
https://doi.org/10.1093/ndt/gfr342
http://www.ncbi.nlm.nih.gov/pubmed/21771751
https://doi.org/10.1002/cnm.2595
http://www.ncbi.nlm.nih.gov/pubmed/24493402
https://doi.org/10.1007/s10237-013-0527-7
https://doi.org/10.1007/s10237-013-0527-7
http://www.ncbi.nlm.nih.gov/pubmed/24037281
https://doi.org/10.1051/mmnp/201611101
https://doi.org/10.1038/ki.2013.188
http://www.ncbi.nlm.nih.gov/pubmed/23715122
https://doi.org/10.1148/radiol.2015150385
https://doi.org/10.1148/radiol.2015150385
http://www.ncbi.nlm.nih.gov/pubmed/26694050
https://doi.org/10.1093/ndt/13.12.3108
http://www.ncbi.nlm.nih.gov/pubmed/9870474
https://doi.org/10.5551/jat.RV17031
https://doi.org/10.5551/jat.RV17031
http://www.ncbi.nlm.nih.gov/pubmed/30867356
https://doi.org/10.1097/MBC.0000000000000065
http://www.ncbi.nlm.nih.gov/pubmed/24448155
https://doi.org/10.1529/biophysj.107.128520
https://doi.org/10.1529/biophysj.107.128520
http://www.ncbi.nlm.nih.gov/pubmed/18515386
https://doi.org/10.1371/journal.pone.0272342

PLOS ONE

Patient-specific approach to analysis of shear-induced platelet activation in haemodialysis AVF

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Parker ET, Lollar P. Conformation of the von Willebrand factor/factor VIl complex in quasi-static flow. J
Biol Chem. 2021; 296:100420. https://doi.org/10.1016/j.jbc.2021.100420 PMID: 33600794

Jasak H. OpenFOAM: open source CFD in research and industry. Int J Nav Archit Ocean Eng. 2009; 1
(2):89-94. https://doi.org/10.2478/IINAOE-2013-0011

Lobanov Al, Starozhilova TK, Guria GT. Numerical investigation of pattern formation in blood coagula-
tion [in Russian]. Matem Mod. 1997; 9(8):83-95.

Rukhlenko OS, Dudchenko OA, Zlobina KE, Guria GT. Mathematical modeling of intravascular blood
coagulation under wall shear stress. PloS One. 2015; 10:e0134028. https://doi.org/10.1371/journal.
pone.0134028 PMID: 26222505

Patankar SV. Numerical Heat Transfer and Fluid Flow. New York, USA: McGraw Hill; 1980.

Roe PL. Characteristic-based schemes for the Euler equations. Annu Rev Fluid Mech. 1986; 18:337—
65. https://doi.org/10.1146/annurev.fl.18.010186.002005

Fedorenko RP. 1994 An introduction to computational physics [in Russian]. Moscow, Russia: MIPT
Publ; 1994.

Crank J, Nicolson P. A practical method for numerical evaluation of solutions of partial differential equa-
tions of the heat-conduction type. Adv Comput Math. 1996; 6:207-26. https://doi.org/10.1007/
BF02127704

Issa RI. Solution of the implicitly discretised fluid flow equations by operator-splitting. J Comput Phys.
1986; 62(1):40-65. https://doi.org/10.1016/0021-9991(86)90099-9

Saad Y. Iterative methods for sparse linear systems. Second edition. Philadelphia, USA: Society for
Industrial and Applied Mathematics; 2003.

Hansen CD, Johnson CR. The visualization handbook. Burlington, USA: Elsevier Butterworth Heine-
mann; 2005.

Livadiotis G, McComas DJ. Fitting method based on correlation maximization: Applications in space
physics. J Geophys Res Space Phys. 2013; 118(6):2863—-75. https://doi.org/10.1002/jgra.50304

Stegmayr B, Willems C, Groth T, Martins A, Neves NM, Mottaghy K, et al. Arteriovenous access in
hemodialysis: A multidisciplinary perspective for future solutions. Int J Artif Organs. 2021; 44(1):3—-16.
https://doi.org/10.1177/0391398820922231 PMID: 32438852

Tambasco M, Steinman DA. Path-dependent hemodynamics of the stenosed carotid bifurcation. Ann
Biomed Eng. 2003; 31(9):1054—65. https://doi.org/10.1114/1.1603257 PMID: 14582608

Nobili M, Sheriff J, Morbiducci U, Redaelli A, Bluestein D. Platelet activation due to hemodynamic shear
stresses: damage accumulation model and comparison to in vitro measurements. ASAIO J. 2008; 54
(1):64-72. https://doi.org/10.1097/MAT.0b013e31815d6898 PMID: 18204318

Menichini C, Cheng Z, Gibbs RG, Xu XY. Predicting false lumen thrombosis in patient-specific models
of aortic dissection. J R Soc Interface. 2016; 13:20160759. https://doi.org/10.1098/rsif.2016.0759
PMID: 27807275

Kénigsbrigge O, Posch F, Antlanger M, Kovarik J, Klauser-Braun R, Kletzmayr J et al. Prevalence of
atrial fibrillation and antithrombotic therapy in hemodialysis patients: cross-sectional results of the
Vienna InVestigation of AtriaL Fibrillation and Thromboembolism in Patients on HemoDlalysis
(VIVALDI). PloS One. 2017; 12(1):e0169400. https://doi.org/10.1371/journal.pone.0169400 PMID:
28052124

Konigsbrigge O, Meisel H, Beyer A, Schmaldienst S, Klauser-Braun R, Lorenz M et al. Anticoagulation
use and the risk of stroke and major bleeding in patients on hemodialysis: From the VIVALDI, a popula-
tion-based prospective cohort study. J Thromb Haemost. 2021; 19(12):2984-96. https://doi.org/10.
1111/jth.15508 PMID: 34418291

Lau WL. Controversies: Stroke Prevention in Chronic Kidney Disease. J Stroke Cerebrovasc Dis. 2021;
30:105679. https://doi.org/10.1016/].jstrokecerebrovasdis.2021.105679 PMID: 33640261

Li M, Hotaling NA, Ku DN, Forest CR. Microfluidic thrombosis under multiple shear rates and antiplatelet
therapy doses. PloS One. 2014; 9:e82493. https://doi.org/10.1371/journal.pone.0082493 PMID:
24404131

Roka-Moiia Y, Ammann KR, Miller-Gutierrez S, Sweedo A, Palomares D, Italiano J et al. Shear-medi-
ated platelet activation in the free flow II: Evolving mechanobiological mechanisms reveal an identifiable
signature of activation and a bi-directional platelet dyscrasia with thrombotic and bleeding features. J
Biomech. 2021; 123:110415. https://doi.org/10.1016/j.joiomech.2021.110415 PMID: 34052772

Marchini M, Franzini M, Baglini D, Caponi L, Giglio E, Egidi MF. The role of von Willebrand factor in
hemodialysis patients. Does acquired von Willebrand syndrome occur? Nephrol Dial Transplant. 2018;
33:i567. https://doi.org/10.1093/ndt/gfy104.SP657

PLOS ONE | https://doi.org/10.1371/journal.pone.0272342  October 3, 2022 17/18


https://doi.org/10.1016/j.jbc.2021.100420
http://www.ncbi.nlm.nih.gov/pubmed/33600794
https://doi.org/10.2478/IJNAOE-2013-0011
https://doi.org/10.1371/journal.pone.0134028
https://doi.org/10.1371/journal.pone.0134028
http://www.ncbi.nlm.nih.gov/pubmed/26222505
https://doi.org/10.1146/annurev.fl.18.010186.002005
https://doi.org/10.1007/BF02127704
https://doi.org/10.1007/BF02127704
https://doi.org/10.1016/0021-9991%2886%2990099-9
https://doi.org/10.1002/jgra.50304
https://doi.org/10.1177/0391398820922231
http://www.ncbi.nlm.nih.gov/pubmed/32438852
https://doi.org/10.1114/1.1603257
http://www.ncbi.nlm.nih.gov/pubmed/14582608
https://doi.org/10.1097/MAT.0b013e31815d6898
http://www.ncbi.nlm.nih.gov/pubmed/18204318
https://doi.org/10.1098/rsif.2016.0759
http://www.ncbi.nlm.nih.gov/pubmed/27807275
https://doi.org/10.1371/journal.pone.0169400
http://www.ncbi.nlm.nih.gov/pubmed/28052124
https://doi.org/10.1111/jth.15508
https://doi.org/10.1111/jth.15508
http://www.ncbi.nlm.nih.gov/pubmed/34418291
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.105679
http://www.ncbi.nlm.nih.gov/pubmed/33640261
https://doi.org/10.1371/journal.pone.0082493
http://www.ncbi.nlm.nih.gov/pubmed/24404131
https://doi.org/10.1016/j.jbiomech.2021.110415
http://www.ncbi.nlm.nih.gov/pubmed/34052772
https://doi.org/10.1093/ndt/gfy104.SP657
https://doi.org/10.1371/journal.pone.0272342

PLOS ONE

Patient-specific approach to analysis of shear-induced platelet activation in haemodialysis AVF

86.

87.

88.

89.

90.

91.

92.

Griffin MT, Ashworth K, Hill N, von Behren J, Di Paola J, Ku DN. Negatively charged nanoparticles of
multiple materials inhibit shear-induced platelet accumulation. Nanomedicine. 2021; 35:102405. https:/
doi.org/10.1016/j.nano.2021.102405 PMID: 33932591

Kovacevic KD, Greisenegger S, Langer A, Gelbenegger G, Buchtele N, Pabinger |, et al. The aptamer
BT200 blocks von Willebrand factor and platelet function in blood of stroke patients. Sci Rep. 2021;
11:3092. https://doi.org/10.1038/s41598-021-82747-7 PMID: 33542410

Herbig BA, Yu X, Diamond SL. Using microfluidic devices to study thrombosis in pathological blood
flows. Biomicrofluidics. 2018; 12:042201. https://doi.org/10.1063/1.5021769 PMID: 29861812

Bluestein D, Li YM, Krukenkamp IB. Free emboli formation in the wake of bi-leaflet mechanical heart
valves and the effects of implantation techniques. Biomech. 2002; 35(12):1533—40. https://doi.org/10.
1016/s0021-9290(02)00093-3 PMID: 12445606

Ivlev DA, Shirinli SN, Guria KG, Uzlova SG, Guria GT. Control of fibrinolytic drug injection via real-time
ultrasonic monitoring of blood coagulation. PloS One. 2019; 14:e0211646. https://doi.org/10.1371/
journal.pone.0211646 PMID: 30811424

Sandrini L, leraci A, Amadio P, Zara M, Barbieri SS. Impact of acute and chronic stress on thrombosis
in healthy individuals and cardiovascular disease patients. Int J Mol Sci. 2020; 21:7818. https://doi.org/
10.3390/ijms21217818 PMID: 33105629

Olsen LN, Fischer M, Evans PA, Gliemann L, Hellsten Y. Does Exercise Influence the Susceptibility to
Arterial Thrombosis? An Integrative Perspective. Front Physiol. 2021; 12:636027. https://doi.org/10.
3389/fphys.2021.636027 PMID: 33708141

PLOS ONE | https://doi.org/10.1371/journal.pone.0272342  October 3, 2022 18/18


https://doi.org/10.1016/j.nano.2021.102405
https://doi.org/10.1016/j.nano.2021.102405
http://www.ncbi.nlm.nih.gov/pubmed/33932591
https://doi.org/10.1038/s41598-021-82747-7
http://www.ncbi.nlm.nih.gov/pubmed/33542410
https://doi.org/10.1063/1.5021769
http://www.ncbi.nlm.nih.gov/pubmed/29861812
https://doi.org/10.1016/s0021-9290%2802%2900093-3
https://doi.org/10.1016/s0021-9290%2802%2900093-3
http://www.ncbi.nlm.nih.gov/pubmed/12445606
https://doi.org/10.1371/journal.pone.0211646
https://doi.org/10.1371/journal.pone.0211646
http://www.ncbi.nlm.nih.gov/pubmed/30811424
https://doi.org/10.3390/ijms21217818
https://doi.org/10.3390/ijms21217818
http://www.ncbi.nlm.nih.gov/pubmed/33105629
https://doi.org/10.3389/fphys.2021.636027
https://doi.org/10.3389/fphys.2021.636027
http://www.ncbi.nlm.nih.gov/pubmed/33708141
https://doi.org/10.1371/journal.pone.0272342

