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Abstract

Thrombosis and thromboembolism are deadly risk factors in blood-contacting
biomedical devices, and in-silico models of thrombosis are attractive tools to
understand the mechanics of these processes, though the simulation of throm-
boembolism remains underdeveloped. The purpose of this study is to modify
an existing computational thrombosis model to allow for thromboembolism
and to investigate the behavior of the modified model at a range of flow rates.
The new and existing models are observed to lead to similar predictions of
thrombosis in a canonical backward-facing step geometry across flow rates,
and neither model predicts thrombosis in a turbulent flow. Simulations are
performed by increasing flow rates in the case of a clot formed at lower flow to
induce embolization. While embolization is observed, most of the clot break-
down is by shear rather than by breakup and subsequent transport of clotted
material, and further work is required in the formulation and validation of
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Institute embolization. This model provides a framework to further investigate

thromboembolization.
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1 | INTRODUCTION

Thrombosis and thromboembolism (T&TE) are centrally important life-threatening complications in patients with
implanted blood-contacting medical devices such as blood pumps, artificial valves, and stents. Daeman et al.! observed
an incidence of thrombosis at a rate of .01 events per patient year (EPPY) in patients with coronary stents. For pros-
thetic heart valves, obstructive thrombosis occurs at between .003 and .013 EPPY, while thromboembolic complications
occur between .007 and .06 EPPY.> T&TE occur at particularly high rates in modern blood pumps; Strueber et al.?
reported an incidence of stroke at a rate of .08 EPPY, pump thrombosis at a rate of .09 EPPY, and thrombosis-related
pump replacement at a rate of .03 EPPY in a post-market analysis of patients receiving a HeartWare ventricular assist
device (HVAD) in the European Union and Australia. Other observations of stroke incidence in heart pumps are as
high as .18 EPPY.*

T&TE in blood-contacting devices involves intricately connected interactions between the biochemistry of the coag-
ulation cascade, contact of blood with foreign materials, flow patterns and stagnation, and platelet activation. As
opposed to the tissue-factor-initiated extrinsic coagulation cascade due to endothelial injury, the coagulation cascade in
implanted devices is understood to be initiated by the surface activation of Factor XII,”> and activation of platelets by
abnormal shear-stress distributions and by other procoagulant factors. In device thrombosis, the accumulation of

Int J Numer Meth Biomed Engng. 2022;38:€3638. © 2022 John Wiley & Sons Ltd. | 1 of 17

https://doi.org/10.1002/cnm.3638

wileyonlinelibrary.com/journal/cnm

ASUAIT suowwo)) aanear) ajqedrdde ayy £q pauIdsA0S ale sa[dnIe YO asn JO so[nl 10§ ATeIqr autjuQ A3[IA\ U0 (Suonip


https://orcid.org/0000-0001-9029-5217
mailto:kbm10@psu.edu
http://wileyonlinelibrary.com/journal/cnm
https://doi.org/10.1002/cnm.3638
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcnm.3638&domain=pdf&date_stamp=2022-08-14

20f17 Wl LEY TOBIN axp MANNING

procoagulant factors produces a stable thrombus primarily composed of activated platelets, cross-linked fibrin, and
entrapped red blood cells. The subsequent interaction between the fluid dynamics and the mechanics of the blood clot,
as well as biochemical effects of plasmin or thrombolytic drugs,® has the potential to cause the clot to dislodge, resulting
in thromboembolism. This can lead to complications as serious as pulmonary embolism or stroke.

The need to better understand the processes of T&TE in blood-contacting devices makes in-silico models attractive,
as a much richer understanding of the localized environment is possible including stresses exerted on a blood clot, local
concentrations of procoagulant species, and high-resolution flow field data, though challenges remain including a
disconnect between physiological and numerical timescales, experimental validation and incorporating pathologies
among others.” Modern in-silico T&TE models are increasingly computationally affordable, and are being used in
device-specific simulations to inform thrombus risk,® to investigate thrombolysis in strokes,” and to predict venous
thrombosis.'® Fogelson and Guy'' proposed a single-scale model based on conservation equations for resting and acti-
vated platelets, a generic activator chemical taking the place of the coagulation cascade, and viscoelastic constitutive
equations for a cohesive-link tensor and a cohesive-link density. Taylor et al.'*> adapted this model with a material-
specific thrombus susceptibility potential term, replacing the viscoelastic model with a Brinkman model to couple the
thrombus and the flow, and trained their model on experimental data of clot growth in a backward-facing step geome-
try. Yang et al."> explored modifications to the Taylor et al.'* model to make corrections to the biochemical activation
and investigate the impact of non-Newtonian constitutive models on thrombus growth.

However, these models are still far from capturing all the phenomena relevant to T&TE in high-flow devices such
as blood pumps. By replacing the viscoelastic model of Fogelson and Guy'" with a Brinkman model,"* Taylor et al.'?
precluded their model from being able to capture macroembolization as their aggregation intensity evolution equation
lacked a convective term. This model was also only applied to a single laminar flow condition, which is not representa-
tive of the turbulent flows typical in heart pumps. The purpose of the current study is to modify the previously devel-
oped model of Taylor et al."* so that macroembolization is possible, and investigate the impacts of flow rate, including
turbulent flow, on thrombus predictions to evaluate conditions where embolization could occur. This is done by
returning to the original viscoelastic formulation of Fogelson and Guy,"* while retaining important modifications from
Taylor et al.'* and Yang et al."* to the biochemistry and thrombus growth mechanisms. The ability of the fitted visco-
elastic model to capture macroembolization is then assessed by numerically forming a clot and subsequently increasing
flow rates. In the following sections, the methodologies used to numerically investigate the addition of a viscoelastic
model are detailed, results are presented of thrombosis and embolization simulations across Reynolds number and
modeling approach, and the significance of these results is discussed.

2 | MATERIALS & METHODS
2.1 | Taylor model and modifications from Yang et al

The current model shares most aspects with that of the Taylor'*> model, for which an overview is given here. The
Taylor'? model solves the Navier-Stokes momentum equation with a Brinkman term as in Equations (1) and (2).
Equation (1), as well as all subsequent equations, uses the Einstein notation of summation over repeated indices.
In Equation (1), u; is the i-th component of velocity, p is the pressure, v is the kinematic viscosity, and F(e) is the
Brinkman function. In Equation (2), k is the clot permeability, ¢ is the aggregation intensity, and ¢ is a threshold aggre-
gation intensity.

191«!1' (91/{1' B lap J aui &uj
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In parallel with the solution of the momentum equation, a set of convection-diffusion-reaction equations is solved
for activated and unactivated platelets, given in Equations (3) and (4). In these equations, ¢, is the concentration of
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unactivated platelets, ¢, is the concentration of activated platelets, D, is platelet diffusivity, A, is the rate of biochemical
activation, and A, is the rate of mechanical platelet activation.

I, Obu_ Py
ot ox Paxox,

—[Ac+Amldy, (3)
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+[Ac+ AR, (4)
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The mechanical activation A,, is based on the power-law model of Soares et al.,”” and takes the form:

An=(1-0;) OB 4, (s)

where ¢y = ¢,/ (¢, + ¢, is the fraction of total platelets which are activated, 7 is a scalar shear stress as defined in Tay-
lor et al.,’* and C, @, and S are fitted constants. Chemical activation happens in response to adenosine diphosphate
(ADP) concentration and takes the form given in Equation (6), where tspp is a time scale of chemical platelet activation,
and ADP; is a threshold ADP concentration for platelet activation.

0,ADP < ADP,

A (ADP) = { &,ADP >ADP, - (6)
ADP; X tapp

ADP follows a convection-diffusion-reaction equation, and is released when platelets are activated, as in
Equation (7), where Dapp is the diffusivity of ADP, and Rapp is the amount of ADP released per activated platelet.

JdADP N JdADP 9*>ADP
u pry S ——
at T ox AP 0%0%;

+Rapp[Ac +Anm|d,. (7)

Finally, an evolution equation is solved for the aggregation intensity as given in Equation (8). This aggregation
intensity is used to determine the magnitude of the Brinkman term in Equation (2), which is subsequently used in
Equation (1) to reduce velocity in regions of high aggregation intensity. Equation (8) includes a growth constant a, and
a decay function f,.

de
= Prse(1)d2 i (5)e. (8)

The form of Prsp, the thrombus susceptibility potential, is given in Equation (9) as a function of the wall shear stress
7. The thrombus susceptibility potential is depicted in Figure 1, and is intended to allow clots to form in regions of low
wall shear stress, while disallowing clotting in regions of high wall shear stress. In Equation (9), 7, is the wall shear
stress, and pigy and 7jow are upper and lower threshold wall shear stresses for thrombus growth.

1, |Tw| < Tiow

PtSP(TW) =

<|Tw| _Tlow>
exp| —— ) —1
_ 7wl % Thigh — Tlow

1 . el —1
Thigh

s Tlow < |TW‘ < Thigh-

0, |Tw| 2 Thign

Finally, breakdown of the aggregation intensity is modeled with the term f, given in Equation (10), where yreakdown
is a threshold wall shear stress.
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FIGURE 1 Thrombus susceptibility potential function as described in Equation (7). The dependence of thrombus susceptibility
potential on wall shear stress allows clots to form in regions of low wall shear stress, and not in regions of high wall shear stress

TABLE 1 Simulation details of varying flow rates investigated

Flow rate Reynolds number Simulation type Simulation time (min)
.20 LPM 100 Laminar 15

.39 LPM 200 Laminar 15

.76 LPM (matching Yang et al.?) 388 Laminar 15

1.18 LPM 600 Laminar 15

1.96 LPM 1000 Laminar 15

3.93 LPM 2000 Laminar 10

6.87 LPM 3500 Implicit LES 2.8

0, 7w < Tpreakdown

pls)={ (10)

B, Tw 2 Threakdown

The parameter values used in the various equations of the Taylor model are given in Table 1 of Taylor et al.'? Taylor
et al.'* also performed blood-loop experiments to train and validate the derived model. Yang et al."* later made modifi-
cations to the Taylor'* model, in particular incorporating a different model for chemical platelet activation, since the
Taylor'? model never reached high enough levels of ADP to lead to chemical platelet activation. The Yang et al."* chem-
ical activation model is used in the current iteration of the thrombosis model, and is given in Equation (11).

Yang et al."? also investigated the use on non-Newtonian viscosity models, which are not incorporated into the current
study.
ADP*
Ac=kpapp——F——. 11
¢~ "APY ADP? 1 ADP* (11)
2.2 | Implementation of the cohesive stress model

The cohesive-stress model of Fogelson and Guy'' is implemented into a custom OpenFOAM'® solver to replace the use
of the Brinkman term in the model of Taylor et al.'? This requires a modification to the aggregation intensity equation
to include a convective term as in Equation (12), as well as using a different form of the breakage function, detailed
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later. In Equation (12), € is the viscoelastic aggregation intensity, «; is an undetermined growth constant, B is a break-
age function, and oy; is the trace of the cohesive stress tensor.

de de

_|_

o gy = Pamd, ~B(%)e (12)

In addition, an evolution equation (Equation (13)) is solved for the cohesive stress tensor, which couples the throm-
bus to the velocity field and represents the mechanical effect of a clot. The left-hand side of Equation (13) denotes an
upper-convected time derivative, ensuring frame-invariance of the tensor evolution equation; a, is another
undetermined growth constant, and 6 is the Kronecker delta.

ﬁo'ij u ﬂaij_% ' Bu-
gt %ox, o 8T o,

Ok
——L 6k = Prspaa 25 — B(?)Gif (13)

Taken together, Equations (12) and (13) constitute the “approximate closure” model of Fogelson and Guy.'" How-
ever, missing from Fogelson and Guy are prescribed values for a; and a, and a functional form for B(%) the breakage
function present in both equations. The parameters «; and a, are integrals of a cohesive link formation-rate function
a(|ly||) over the microscale spatial variable y. We prescribe a formation-rate function as in Equation (14), where Ly is
the mean length of a fibrin strand and A is an undetermined rate constant. We then perform the integrals described in
Fogelson and Guy,'' and derive definitions of a; and @, in Equations (15) and (16), where S = EAy¢ /Ly is the stiffness of
a fibrin strand, E is the Young's modulus of a fibrin strand and Ay is its cross-sectional area. The form of Equation (14)
is prescribed with the assumption that links are most likely to form when the separation between two points is small
compared to the length of a fibrin strand, and the link formation should go to zero at distances much larger than this
length.

a(yl) = Aexp 20 "

vl =Aew |~ ). (14)

_ d _A 3213 15

a = ya(l\yll)y—gﬂ 7> (15)

- / a(y)slylPdy=" 3/25L;. (16)
y

Because A is an unknown constant, we define A=Az%2/8 so that a :AL]% and a, :%AEAfL}‘. The link
formation source term is therefore defined up to the constants A, E, Ay, and L. Fogelson and Guy11 also show that the
argument of the breakage function B is proportional to the mean squared microscale fiber length. Consistent with their
derivation, we take the form in Equation (17) as the argument of the breakage function as it is a measure of squared
strain.

Okk

e¢=2—-.
SLfe

(17)

We adopt a specific form for B similar to equation (112) from Guy,'” who investigated the performance of
various breakage functions. This form is given in Equation (18), where e, is the threshold fiber strain above which
breakage increases from its background rate B,. As fibrin fibers can elastically stretch to approximately three times
their length before permanent damage,'® e, is set as 3. This form has the property that B(0) =B, > 0, so that Equa-
tions (6) and (8) do not grow unbounded while breakage still increases with increased strain. Due to the forms of a;
and a,, newly formed cohesive links will have a strain of (9/ 2)1/ ?~2.12 and therefore do not have above-background
breakage.
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By, e’ <e?
B(e*) = 2 ) (18)

e
BO_29 e2 Zef
€

Equations (6) and (8) are solved at every time step, and the impact of the thrombus on the flow is implemented by
including the divergence of the cohesive stress tensor into the momentum equation (Equation (19)).

v ij * 8xl~

3ui (9ul~ 1 (9p 0 ( |:(9Lli 8uj}> 1&61] (19)

oo™ om0y pox;

2.3 | Backward-facing step simulations

Simulations are performed in the same backward-facing step geometry as both Taylor et al.'* and Yang et al.'’
This geometry consists of a tube with a diameter of 1 cm, and a 2.5 mm step, creating a recirculating region
where clots are observed to form in the MRI data. The grid used in the simulations extended 6 cm upstream and
downstream of the step, had a maximum streamwise grid spacing of 600 pm, a maximum spanwise and vertical
spacing of 300 pm, doubled grid resolution in the recirculation region, and sufficient near-wall resolution to
ensure that y© <1 at all Reynolds numbers. The grid is depicted in Figure 2, along with a higher-resolution grid that is
subsequently used for grid convergence analysis. The low-resolution grid contained approximately 800,000 finite-
volume elements.

Backward Euler time differencing was used, and spatial differencing for the convective term of all field variables
except for the cohesive stress tensor used a blend of 75% second-order linear and 25% second-order upwind differencing.
The convective term of the cohesive stress tensor used a van Albada'® limiter. All other gradient terms used second-
order linear differencing. All residuals were converged at each time step to 107,

Simulations were run with the goal of matching the human-blood experimental conditions of Yang et al.** Unlike
in Yang et al.,!® blood was assumed Newtonian with a kinematic viscosity of 4.4 cSt, and the total concentration of
platelets (activated and unactivated) was set to 185,000/pl matching the platelet concentration reported in the human
samples of Yang et al.,”° with an initial platelet activation of 5%, which was used as the initial condition in Taylor
et al.'”> To replicate the closed-loop MRI experiments of Yang et al.*® and produce a fully developed inlet
velocity boundary condition, inlet boundary conditions of ADP, activated and unactivated platelets and velocity used a
recycled boundary condition, mapping downstream values as inlet boundary conditions. These inlet values were inter-
polated based on the values 1 cm upstream of the step, replicating recirculation of factors in the closed loop. This
approach resulted in well-mixed ADP and platelet concentrations approaching the step, with an asymptotic ADP con-
centration of 5.3 pM and asymptotic platelet activation of 100% reached in approximately 3.5 min. This varied from the
work of both Taylor et al.'* and Yang et al.,"* who effectively simulated fresh blood continually entering the domain.
Both the aggregation intensity and the cohesive stress tensor were set to zero at the inlet, enforcing no influx of clotted
blood.

|5

FIGURE 2 Portion of the computational grid near the backward-facing step; (A) low-resolution grid with largest streamwise spacing of
600 pm, largest spanwise and vertical spacing of 300 pm, and 800,000 finite-volume elements; (B) high-resolution grid with largest
streamwise spacing of 300 pm, largest spanwise and vertical spacing of 150 pm, and 5.2 million finite-volume elements
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To assess the impact of flow rate, including turbulent flow, varying flow rates were investigated ranging from
.20 LPM to 6.87 LPM. A list of specific cases is provided in Table 1. At the highest flow rate, with a Reynolds num-
ber of 3500, simulations were solved using an implicit large-eddy simulation (LES) approach, resolving large-scale
turbulent motions. To compare differences between the Brinkman and viscoelastic models, all simulations were
repeated using the unaltered model and boundary conditions of Yang et al.'*> with a Newtonian viscosity assump-
tion. Simulations using the Brinkman model were run for 30 min. However, because the solution of the viscoelas-
tic equations requires a much smaller time step (particularly at high flow rates), viscoelastic simulations were run
until both the platelet activation and thrombus volume reached a steady state or 15 min, whichever came first. On
64 processors, the viscoelastic simulations took between approximately 1 day and 1 week. The Brinkman simula-
tions took at most 10 h. All viscoelastic simulations as well as the turbulent Brinkman simulation used dynamic
time-stepping to maintain a maximum Courant number of less than .5. This maintained a time-step of approxi-
mately 1 x 1073 s for the lowest flow rate (Re = 100) and approximately 2 x 107> s for the highest flow rate (Re = 3500).

While traditional LES would include a model for the subgrid-scale (SGS) stress, implicit LES does not, and simply
relies on numerical dissipation to act as an energy sink, effectively modeling the SGS stress as zero. Therefore, the
same momentum equation (Equation (14)) is solved during both laminar and turbulent simulations. This decision
was made to avoid modeling interactions between the SGS stress and the cohesive stress. A detailed overview of
implicit LES can be found in Grinstein, Margolin, and Rider.”’ No comparison was made in the current study to
other SGS models in the BFS. Instead, the accuracy of the implicit LES simulations was determined based on grid
convergence only.

2.4 | Grid and time-step sensitivity study

A grid sensitivity analysis was performed by doubling the grid resolution in every direction, resulting in a high-
resolution grid with approximately 5.2 million grid elements. Comparisons were made between grid resolutions of
(1) profiles of velocity in the .76 LPM case, (2) profiles of time-averaged velocity in the 6.87 LPM case, (3) clot
shape over time in the .76 LPM case, and (4) maximum aggregation intensity in the 6.87 LPM case. Due to the high
computational cost of the fine-grid turbulent simulation, the initial condition assumed that platelets were 100%
activated, thrombosis simulations were run for 5 s to achieve steady maximum aggregation intensity, and the
steady-state maximum aggregation intensity is compared between the two grid resolutions.

Brinkman simulations were run with time-steps consistent with those used in Taylor et al.'* and Yang et al.,'* with
a maximum Courant number of 5. All simulations were also run with a maximum Courant number of 10 to establish
time-step independence.

2.5 | Embolization simulations

The primary goal for the proposed alterations to the Taylor'? model is to be able to simulate macroembolization. To
evaluate the ability of the viscoelastic model to capture macroembolization, the final timepoint of the MRI-matching
case was used as an initial condition for four additional simulations, where the flow rate was increased to match the
higher-flow conditions (i.e., Reynolds numbers of 600, 1000, 2000, and 3500). These simulations were run for 1 second
with snapshots saved every .01 s to better quantify fast embolization dynamics.

2.6 | Selection of parameters

The present model requires the selection of several parameters. Many of the parameter values used in the current
study are identical to those used in Taylor et al.'* and Yang et al.,'* though additional values are required relating
to the viscoelastic model. All parameter values are laid out in Table 2 along with the justification for those values.
While most parameters are based on literature values, specific values of A and B, are found by fitting to the experi-
mental MRI data of Yang et al.”° In addition, whether a cell is designated as “thrombus” is determined by whether the
aggregation intensity is above a threshold ¢;. This is also determined based on the current results.
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TABLE 2 Thrombosis model parameter values and sources

Parameter Value Source

D, 1.58 x 1077 cm?/s 22

Dyprp 2.37x107° cm?/s 23

C 1.4854 x 1077 15

a 1.4854 15

p 1.4401 15

Rapp 3 x 10~'7 moles/platelet 24

kapp 055! 13

Tlow .02 Pa 12

Thigh 15 Pa 12

Ly 9.2 pm 25

E 1.7 MPa 25

Dy 284 nm 25

e 3 18

ADP, 2 M 26

A 22x10°°s7t Fitted to data from Yang et al.'®
By 1.5x10*s7! Fitted to data from Yang et al.'®
€ 1x10* /ml Based on reduction in shear rate

2.7 | Turbulent thrombosis experiments

In order to validate computational thrombosis predictions at the highest Reynolds number, experiments were run with
an identical protocol to that of Taylor et al.'* at a flow rate of approximately 6.9 LPM. In short, 450 ml of bovine blood
were collected into a bag containing 63 ml of CDPA-1 anticoagulant and kept at room temperatures until the experi-
ment was performed. Immediately before the experiment, blood was recalcified with calcium chloride solution to
achieve a calcium ion concentration of 11 mM to reverse the effect of the anticoagulant.

Flow was driven through an acrylic model of the backward-facing step with a peristaltic pump (Cole-Parmer
77602-10, Vernon Hills, IL). After 15 min, the loop was slowly drained with phosphate-buffered saline, and the model
was visually inspected for the presence of clots. The flow loop experiment was repeated twice (n = 2).

3 | RESULTS
3.1 | Thrombus constants

Because a threshold on € is used to designate a given finite volume element as a thrombus, an appropriate value for this
threshold must be determined. Because the hallmark of a thrombus is the ability to arrest flow, the reduction in local
shear rate across all grid elements in shown in Figure 3A as a function of the local aggregation intensity. An aggrega-
tion intensity of 10*/ml is found to reduce the local shear rate by approximately 75%; this value is therefore used as the
aggregation intensity threshold.

Exact values of A and B, were found by trial and error to reproduce the volume growth curve from the MRI data.
Values of A=2.2x107° and By =1.5x 10~* were found to fit the MRI data well and are used in subsequent simula-
tions. A sensitivity analysis to these parameters is shown in Figure 3B and Figure 3C. In Figure 3B, simulations denoted
as “A” had By =1 x 1074, “B” denoted By =1.5 x 10~* and “C” denoted By = 2 x 10~*; similarly, simulations denoted “1”
had A=1.5x 1075, while “2” and “3” correspond to A=2.2x107% and A =3 x 10~°, respectively. The specific cases
and parameter values are detailed in Table 3. Depicted in Figure 3C are the root-mean-square Z-scores (Equation (15))
of the simulated clot volume with varying values of A and By. In Equation (20), V' is the i-th computational volume, V
is the i-th experimental volume, and ¢, is the i-th experimental standard deviation of volume, where i = 1, 2, and
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FIGURE 3 Determination and sensitivity of clot parameters; (A) reduction in shear rate as a function of aggregation intensity shows an
inflection in reduction at around 10*/ml; (B) clot volume growth with varying constitutive parameters shows a wide range in predictions
despite a small range in parameter values; (C) 15-min clot volume shows a strong sensitivity of clot volume to the growth parameter A4, and a
more modest sensitivity to the decay constant By.

TABLE 3 Parameter values used in parameter sensitivity study

A B c
1 A=1.5x%x10"° A=1.5x10"° A=1.5x10"°
By=1x10"* By=1.5x10"* By=2x10"*
2 A=22x10"° A=22x10"° A=22x10"°
By=1x10"* By=1.5x10"* By=2x10"*
3 A=3x10"° A=3x10"° A=3x107°
By=1x10"* By=15x10"* By=2x10"*

3 correspond to data at 5, 10, and 15 min. Based on the results depicted in Figure 3C, the values of A =2.2 x 107° and
By=1.5x10"* are at or near a local minimum on agreement with experimental clot volume.

3 . . o71/2
(527
3= oy

7 — (20)

3.2 | Grid and time-step sensitivity

Figure 4A depicts a comparison between velocity profiles in the low-resolution and high-resolution simulations for the
MRI-matching flow rate (Re = 388). Figure 4B similarly depicts the time-averaged velocity profiles for the highest flow-rate,
turbulent case (Re = 3500). The root-mean-square error comparing high-resolution and low-resolution solutions in the
MRI-matching case was 1.1% of the mean velocity at the inlet; for the turbulent case, this was 2.3%. The velocity is therefore
considered well-converged with the lower grid resolution across Reynolds number. Figure 4C depicts the volume growth cur-
ves of the low-resolution and high-resolution clots at the MRI-matching case of .76 LPM. At 15 min, the high-resolution clot is
approximately 12% larger in volume, .7% greater in length, and 1.6% greater in height than the low-resolution clot. The time-
averaged steady-state maximum aggregation intensity in the 6.87 LPM case was approximately 6% higher in the
high-resolution case than in the low-resolution case. The lower-resolution grid is therefore accepted for its performance in the
convergence of clot evolution, and all subsequent simulations are performed on the lower-resolution grid.

3.3 | Validation with MRI data of BFS thrombus growth

Using the fitted parameters A =2.2 x 107, By =1.5 x 107%, the clot volume over time shows similar agreement with the
MRI data as the Brinkman model does, as shown in Figure 5. At 15min, the two models and the MRI data have clot
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FIGURE 4 Comparison of low-resolution and high-resolution solutions for (A) velocity at Re = 388; (B) time-averaged velocity at

Re = 3500; (C) clot growth with two grid resolutions over 15 min; (D) locations of velocity profiles overlaid on Re = 388 case. Profiles in
black are taken 5 cm before the step. Profiles in red are taken .5 cm after the step, within the recirculation zone for both Reynolds numbers.
Profiles in blue are taken 5 cm after the step. Solid lines indicate high-resolution solutions, while dashed lines indicates low-resolution
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FIGURE 5 Comparison between MRI experimental data, viscoelastic model, and Brinkman model. (A) clot volume over time; (B) clot
length over time; (C) clot height over time. Laminar flow at MRI-matching conditions (Re = 388)

volumes within 3% of each other; however, there is modest disagreement between the two models and the experimental
data at 5 min and 10 min. The height of the clot also agrees very well with both the data and the Brinkman model.
However, both the Brinkman model and the viscoelastic model overpredict clot length. At early times, this is due to the
formation of a clot at the end of the recirculation zone, which was not observed in experiments. Both models predict
early thrombosis both at the base of the step and at the end of the recirculation zone, with the two clots eventually
merging. While this merged clot is more consistent with the experimental data, the length remains overpredicted even
at later time points.

3.4 | Flow rate effects
3.41 | Laminar flow

Both the viscoelastic and Brinkman models led to complex growth behavior as a function of Reynolds number in the
laminar regime, as shown in Figure 6. In general, clot volume decreased as a function of Reynolds number. However,
clot length decreased with Reynolds number until reaching a minimum at the MRI-matching case (Re = 388) and sub-
sequently increasing again. At lower flow rates, longer clots formed despite shorter recirculation lengths due to lower
levels of wall shear. However, at higher flow rates, both models predict clots forming in two distinct regions without
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FIGURE 6 Depictions of final-time clots (15 min or converged clot) across Reynolds numbers. (A) top view of viscoelastic model;

(B) top view of Brinkman model; (C) side view of viscoelastic model with streamwise velocity contour normalized by mean velocity at the

inlet, and white line indicating zero streamwise velocity; (D) side view of Brinkman model with streamwise velocity contour normalized by

mean velocity at the inlet, and white line indicating zero streamwise velocity; (E) volume, length, and height plotted as a function of

Reynolds number
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FIGURE 7 Behavior of aggregation intensity at Re = 3500. (A) Time course of maximum aggregation intensity; normalized aggregation
intensity contours on the bottom wall of the BFS model with (B) the Brinkman model and; (C) the viscoelastic model

converging. Specifically, clotted material is observed near the base of the step and at a downstream region
corresponding to the end of the recirculation zone, where wall shear is locally low. The border of the recirculation zone
is depicted in Figure 6 with a white contour where the streamwise velocity is equal to zero. At higher Reynolds num-
bers, the length of the recirculation zone increases, resulting in a clot length that grows with Reynolds number above
the MRI-matching case.

3.4.2 | Turbulent flow

At the highest flow rate, corresponding to Re = 3500, no clot is formed with either model. As shown in Figure 7, the
maximum values of € over the domain for both models fail to reach their respective threshold values. While the maxi-
mum aggregation intensity increases over approximately 2.5 min with the viscoelastic model, the maximum values fluc-
tuate around a mean with the Brinkman model due to the difference in inlet boundary condition for activated platelets.

3.5 | In-vitro turbulent-flow clotting experiments

No formed clot was visible in the turbulent flow experiments.

3.6 | Embolization simulations

Figure 8 depicts the macroembolization process in the Re = 2000 case. For each time point, the thrombus is colored by
the local fiber strain, which is the determinant of local link breakage. At early time points, fiber strain is low. Between
0 and .14 s, a mass of thrombus is advected downstream, and the center of this mass remains at relatively low strain.
This mass undergoes necking behavior near the clot's anchor point, where a thin section of clot undergoes high fiber
strain, on the order of 50, before the clot embolizes. This high strain corresponds to a local breakage rate of N%z, or
278 times the background breakage rate. Strain is also locally high at the upper surface of the clot, where the fluid shear
layer imposes high velocity gradients. The apparent lengthening and subsequent shortening of the clot in Figure 8 is
primarily due to out-of-plane movement of the embolizing structure.

Shown in Figure 9 are the volume over time, and the total cohesive links over time in the embolization simula-
tions at varying Reynolds number. Counterintuitively, the thrombus volume increases at first at all Reynolds num-
bers, and subsequently decreases at all Reynolds numbers except for Re = 600. However, it should be noted that the
equations as cast do not conserve thrombus volume but do conserve link density; as seen in Figure 9B, the total num-
ber of cohesive links decreases sharply at the highest Reynolds number, with a less pronounced decrease at lower
Reynolds numbers, even resulting in a slight increase at Re = 600. Despite the decay in total number of cohesive
links, macroembolization was minor. Instead, link breakage accounted for greater than 98% of the reduction in total
link number at Reynolds number of 1000 and above; the remaining small fraction of link number reduction was due

to links exiting the domain through the outlet. Despite the minimal impact of macroembolization, simulations were
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FIGURE 8 Cross-sectional view of the embolization process in the Re = 2000 case. Contours depict local fiber strain, showing an
accumulation of high strain in the neck, which subsequently breaks, causing embolization
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FIGURE 9 (A) clot volume over time and; (B) total fibrin links over time after start of embolization simulations

able to produce instances of thromboemboli due to macroembolization breaking off the main thrombus, as shown in
Supplementary Material 1.

4 | DISCUSSION

At Reynolds numbers of 200 and above, predictions from the Brinkman and viscoelastic models are broadly consistent,
though the behavior at Re = 100 is divergent. The large clot that is formed by the Brinkman model at the lowest flow
rate is consistent with an overall trend where the viscoelastic model leads to smaller clots. There are at least two possi-
ble reasons for this trend. First, because the results of the viscoelastic model are sensitive to the parameters A and B,
better agreement might be found with further tweaks to these values. Second, the convective transport of aggregated
material also plays a role in causing smaller viscoelastic clots, as the clot can both be broken apart and washed away in
the viscoelastic case, whereas the Brinkman model has no way to advect clotted material. Despite the disagreement in
clot characteristics at low flow rates, both models show similar agreement with the MRI data at .76 LPM. In the absence
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of low-flow data, it is unclear which model is more representative of thrombosis at flow rates other than the MRI-
matching case.

In contrast to the Brinkman model, the viscoelastic model produces data that are much noisier in time, as seen espe-
cially in the growth curves over time in Figure 5. The noisiest of the three reported statistics is the clot length. This high-
lights that transport is important to model in addition to growth, not only for embolization, but also for thrombus growth.
The final viscoelastic clots depicted in Figure 6 show varying levels of asymmetry, while the Brinkman model produced
perfectly symmetric clots. This disordered growth with the viscoelastic model is likely more realistic and could provide
important information on clot heterogeneity. This information could play an important role in embolization as fault lines
may correlate with heterogeneities. A recent computational experiment by Du et al.”” similarly suggests that disordered
transport of clotted material plays an important role in determining the mechanical structure of a clot under flow.

The two models as well as the in-vitro experiments agree that no clot is formed in the turbulent flow case. Although
low shear rates are occasionally present near the step and slightly downstream of it, these low-shear areas are transient.
Deposited thrombus is therefore quickly washed away soon after depositing, and the aggregation intensity does not
reach adequate levels to be considered a thrombus. The Brinkman model is therefore not activated, and the cohesive
stress term remains small in comparison to the viscous stress. Although the two models agree that no clot forms at this
flow rate, some mechanism could be missing from both, such as the activity of von Willebrand factor, a protein that
unfurls at high shear rates and strongly binds to foreign surfaces and platelets, resulting in clots at surfaces with high
shear.”® A continuum model of von Willebrand factor unfurling has been introduced by Zhussupbekov et al.,® and
inclusion of such a model could be illuminating in this case.

For future efforts to validate the macroembolization of thrombi, the current results suggest that the backward-facing
step will produce embolization at a range of Reynolds numbers. This may make it possible to observe and validate strat-
ified behavior such as simple stress accumulation in a laminar embolization case, or damage accumulation from chaotic
turbulent motions resulting in ultimate embolization. According to the current embolization simulations, macro-
embolization occurs primarily due to the clot breaking apart rather than breaking away from the wall. This will be an
important consideration for future validation, as the propensity to fail within the thrombus versus failing at the wall
will surely be dependent not only on the properties of the wall, but the properties of the clot, including age and histo-
logical properties such as fibrin content. For example, embolization events observed in Goodman et al.** corresponded
to complete delaminating of adhered thrombus to the wall of a polyethylene tube suggesting embolization via failure of
thrombus adhesion. In contrast, embolic events observed in the computational model of Fogelson and Guy'' on tissue-
factor mediated thrombus suggested failure in the volume of the clot. Though experimental data will not be able to pro-
vide validation of all aspects of embolization such as intra-clot fibrin strain, high-speed videography will provide
insights on the kinetics of detachment and embolization.

A potential future application of the current work could be to produce an embolization risk map based simply on the
fluid dynamics and clot mechanics. While there are numerous coupled biochemical and mechanical properties inherent
to thrombosis and thromboembolism, embolization is ultimately a matter of the force balance and distribution on and
throughout the clot.3132 Basic forces exerted on the clot include adhesion to the wall, cohesion within the clot, pressure
gradient across the clot, and viscous drag. A theoretical investigation of these characteristics, accompanied by simulations
in varying geometries, could be used to create a physics-informed risk map like that proposed by Basmidjian.*® This could
provide a useful library of embolization data to inform design decisions for blood-contacting devices.

The tendency of the current model to lead to thrombus erosion rather than macroembolization is notable. The
inclusion of a post-formation stiffening might create clots that could withstand higher shear rates without breaking
down; such behavior has a physiological parallel in Factor XIII, which cross-links fibrin bonds and strengthens clots.>*
Such a modeling approach may tip the balance from erosion to macroembolization, and more accurately predict embo-
lization risk. However, the production of sub-threshold levels of aggregation intensity and the erosion rather than mac-
roembolization of thrombus could inform risk factors related to microembolization. Spontaneous erosion of thrombus
can lead to microinfarction and coronary infarction, as well as increasing pulmonary vascular resistance,*® potentially
allowing the current model to inform both risk factors.

5 | LIMITATIONS

At the MRI-matching condition, a clot is predicted at the downstream edge of the recirculation zone, while no such clot
was observed in the experiments of Yang et al.”° or Taylor et al.’? This discrepancy was also noted in Taylor et al."* and
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Yang et al.,"* but the reason for the discrepancy remains elusive. Unsteady flow due to the roller pumps both in the
experiments of Taylor et al.'* and Yang et al.*® likely caused the reattachment point to migrate during the cycle of the
pump. This would appear to be consistent with the observations of the current turbulent flow case, where transient low
wall shear rates result in some deposited clot, but that deposited clot is quickly washed away due to shifting flow pat-
terns. This discrepancy may be responsible for the overprediction of both models of the clot's length.

The goal of the current work is to evaluate the ability of the viscoelastic model to produce instances of macro-
embolization. However, it seems likely based on the current results that macroembolization is not realistically
reproduced. Although the ability of small parts of the formed thrombus to break away and be carried by the flow is
made clear by the visualizations in the Supplementary Material, the behavior of these emboli is not realistic.
Despite large reductions in total cohesive links at the highest Reynolds number indicate clot breakdown, most of
this reduction is due to breakdown rather than parts of the clot breaking off and exiting the domain, which is in
contrast to some in-vitro embolization data.*® There are several reasons why this discrepancy could be happening.
The simulated clot may simply not be stiff enough. That is, the magnitude of the cohesive stress tensor must be
larger. At the end of the 15-min MRI-matching simulation, the clot had a modulus of around 50 Pa, much lower
than typical values of at least 1 kPa.’” However, in the current formulation of the viscoelastic model, attempts to
create a stiffer clot also produce larger clots, which compare poorly to the MRI. Apart from the lack of Factor XIII,
another potential source of error is the functional form of the breakage function B. Although most values of fiber
strain throughout the domain were found to be close to their resting length of 2.12, values occasionally go as high as
10° during embolization simulations, resulting in very high breakage. The breakage function may need to be evaluated
in its behavior at high strains.

Apart from the exclusion of Factor XIII and von Willebrand factor, the current formulation of the model has addi-
tional shortcomings. The platelet transport equations do not have any method for platelets to marginate to the walls,*®
or for platelets to accumulate above their background concentration in the clot. Since activated platelets tend to adhere
to solid surfaces, the assumption that activated platelets simply continue to circulate freely in the blood is suspect. In
addition, although it is assumed that platelet-platelet links are formed by fibrin strands, the current model does not
explicitly track fibrinogen, its polymerization into fibrin, or fibrin concentration. The current model would also benefit
from a more sophisticated representation of the coagulation cascade,***° potentially missing important transport phe-
nomena associated with the stagnation region of the backward-facing step. This is especially relevant as the thrombus
produced in Taylor et al.'> was mostly red. Although the current formulation has parallels with coagulation-induced
thrombosis, with accumulation of ADP similar to accumulation of thrombin and formation of platelet-platelet links
conceptually similar to the formation of a fibrin mesh, it would be ideal to produce a formulation that was able to sepa-
rately model white and red thrombi.

6 | CONCLUSION

A viscoelastic constitutive model is implemented into the thrombosis model developed by Taylor et al.'* and Yang
et al.,”” and fitted to existing MRI data of human blood flow in a backward-facing step. The predictions of the viscoelas-
tic model are compared to those from the older Brinkman model across Reynolds number, and the ability of the visco-
elastic model to produce macroembolization is investigated. The two models produce similar thrombosis predictions
across Reynolds number, and similar agreement with the MRI data. The viscoelastic model is able to produce small
instances of macroembolization, but the majority of the clot is simply sheared apart rather than embolized.

Future work will go toward conceptually understanding why the current formulation of the viscoelastic model pro-
duces poor macroembolization results, and will focus on post-formation stiffening of clots, different formulations for
link breakage, and matching the resulting mechanical properties to experimental viscoelastic data on clots. Future work
will also prioritize validation of the embolization aspect of the model.
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