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Bileaflet mechanical heart valves (BMHVs) are prone to thromboembolic complications which are
believed to be initiated by platelet activation. Platelets are activated by non-physiologic shear stresses
in the bulk flow or the leakage/hinge flow, whose contributions has yet to be quantified. Here, the con-
tribution of bulk and hinge flows to the activation of platelets in BMHVs is quantified for the first time by
performing simulations of the flow through a BMHV and resolving the hinge by overset grids (one grid for
the bulk flow and two for the hinge regions coupled together using one-way and two-way interpolation).
It was found that two-way coupling is essential to obtain correct hinge flow features. The platelet acti-
vation through the hinge for two gap sizes (250 and 150 pm) is compared to the activation in the bulk
flow using two platelet activation models to ensure the consistency of the observed trends. The larger
gap has a higher total activation, but a better washout ability due to higher velocities. The maximum
shear stress observed in the bulk flow (~320dyne/cm?) is much smaller than the hinge
(~1000 dyne/cm?). However, the total activation by the bulk flow is found to be several folds higher than
by the hinge/leakage flow. This is mainly due to the higher flow rate of the bulk flow which exposes much
more platelets to shear stress than the leakage flow.
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1. Introduction

It is estimated that about 2.5% of the U.S. population suffers
from heart valve defects (lung and Vahanian, 2011) which leads
to approximately 67,500 valve replacement surgeries each year
(Clark et al., 2012). Several designs for mechanical heart valves
have been proposed. Among those bileaflet mechanical heart
valves (BMHVs) are the most widely used which account for
approximately 30% of surgical heart valve replacements (Suri
and Schaff, 2013). However, these valves are prone to high level
of platelet activation, hemolysis and thrombus formation (Tang
et al., 2005; Dumont et al., 2007), and thus far from ideal. It is
believed that the thrombus formation is initiated by platelet acti-
vation due to non-physiological flow field and consequently ele-
vated shear stress generated in BMHVs. This non-physiological
flow is either generated by the hinge/leakage flow or the disorga-
nized bulk flow by the leaflets/housing of BMHVs. Nevertheless,
the contribution of hinge/leakage and bulk flows to platelet activa-
tion has yet to be quantified.
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The importance of hinge design in BMHVs was first noticed
because of the high thrombus formation rate in the Medtronic Par-
allel BMHVs (Ellis et al., 1996). Since then several in vitro experi-
ments have been conducted to characterize the flow and address
the thromboembolic potentials in BMHVs (Ellis et al., 2000; Leo
et al.,, 2002; Manning et al., 2003; Simon et al., 2004; Leo et al.,
2006; Jun et al., 2014a,b; Klusak et al., 2015; Zhang et al., 2016).
Travis et al. (2001) and Fallon et al. (2006) showed a considerable
difference in change or markers of platelet damage for different
gap sizes. Leo et al. (2002) reported the gap size has a significant
effect on the Reynolds shear stress (RSS) and strength of the leak-
age jet. In addition, they found that the regular gap size is less
prone to thrombus formation in comparison to smaller or larger
ones. Jun et al. (2014a) showed that the gap size has a significant
influence on shear stress and washout potential of BMHVs. How-
ever, due to the small temporal and spatial scales and complex nat-
ure of the flow in the hinge region, these experiments provided
limited information on the flow field in this region.

To compensate the above shortcomings and obtain further
understanding about the flow field and platelet activation in the
hinge region, numerical simulations have been performed (Yun
et al., 2014b,a; Hanafizadeh et al, 2016; Kuan et al, 2015).
Simon et al. (2010a) investigated the importance of gap size on
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the flow field (washout ability and shear stress) in BMHVs. Later,
Simon et al. (2010b) compared the thrombogenic performance
(in terms of red blood cell damage) of three different hinge designs
using one-way interpolation of velocities form a large scale simu-
lation (Borazjani et al., 2008). Yun et al. (2012) extended the work
by Simon et al. (2010b) to model the platelets more realistically
using a particle-based method. Although these simulations pro-
vided a better understanding of thromboembolic potential in the
hinge region, they were focused on the hinge flow and did not
compare the activation with the one from the bulk flow.

Several studies addressed the importance of systole phase on
blood damage and platelet activation (Bluestein et al., 2004;
Alemu and Bluestein, 2007; Morbiducci et al., 2009; Alemu et al.,
2010; Yun et al., 2014a). These papers showed that the wake and
vortical structures generated near the BMHV leaflets and housing
can expose blood elements to a dynamic and elevated shear stress.
However, the activation in systole was not compared against a con-
trol case to show its significance. Hedayat et al. (2017) showed that
the activation by the bulk flow in BMHVs during systole is signifi-
cant (several folds higher) relative to a bio-prosthetic heart valve
as the control, but it was not compared against the activation by
the hinge/leakage flow during diastole. Lamson et al. (1993) com-
pared red blood cell damage (hemolysis) in an MHV during differ-
ent phases of a cardiac cycle by running forward flow through an
open valve and backward flow through a closed valve. They found
the contribution of backward flow to hemolysis to be comparable
with that of the forward flow. However, hemolysis does not
directly translate to platelet activation (Yin et al., 2004,
Hosseinzadegan and Tafti, 2017). Dumont et al. (2007) and later
Xenos et al. (2010) evaluated platelet activation through two dif-
ferent BMHVs using the linear activation model during the systole
and regurgitation flow phase by releasing particles separately in
systole and diastole. None of them explicitly compared the total
amount of platelet activation in each phase, but their results imply
that the mean value of activation for platelets released during the
forward phase is higher than the diastole. Nevertheless, the hinge
area was not resolved in these simulations and the gap region was
simulated by scaling down the valve geometry (Dumont et al.,
2007; Xenos et al., 2010).

In this study, we address the open question of whether the bulk
or the hinge flow plays a more important role in the poor thrombo-
genic performance of BMHVs in terms of shear-induced platelet
activation using a well-validated numerical framework (Section 2).
Shear-induced platelet activation is quantified using two well
established activation models, i.e., the linear level of activation
(Bluestein et al., 1997) and Soares (Soares et al., 2013) models, to
show the consistency of the results to different activation models
(Section 2). In order to address this multi-scale (aortic diameter
~ 25.4 mm vs. the hinge gap ~ 150 um) problem, an overset grid
(one grid for the bulk flow and two grids for the hinge regions)
method is used. The significance of using two-way over one-way
(which was the main strategy in previous works) coupling interpo-
lation for the boundary condition for the hinge domain in the over-
set method is investigated (Section 3.1). In addition, the effect of
hinge gap width on the hemodynamic performance of hinge geom-
etry and the platelet activation in MHVs is tested for two different
gap sizes (250 and 150 pm) (Section 3.2). Finally, the platelet acti-
vation in the bulk flow domain and the hinge region is quantified
and compared in Section 3.3. In the end, the conclusion and limita-
tions are stated.

2. Methods and materials

The numerical method has been extensively validated and thor-
oughly described in previous publications (Gilmanov and

Sotiropoulos, 2005; Ge and Sotiropoulos, 2007; Borazjani et al.,
2008; Borazjani, 2013; Asgharzadeh and Borazjani, 2017), which
is briefly described below. The moving boundaries of the valve
are handled using a sharp-interface immersed boundary method
(Gilmanov and Sotiropoulos, 2005; Ge and Sotiropoulos, 2007)
with an efficient ray-tracing algorithm and strongly-coupled
fluid-structure interaction for the motion of the valves (Borazjani
et al., 2008). In addition, an overset method (Borazjani et al.,
2013) is used to provide a high spatial resolution (with the grid
size of 15 pum in the hinge recess) near the hinge regions (Fig. 1).
The boundary conditions on overset grid boundaries are obtained
using both two-way and one-way coupling interpolation. In one-
way interpolation, the boundary conditions of the hinge domains
are interpolated from the velocities in the large-scale simulation
(Borazjani et al., 2008) but the flow in the hinge domain does not
affect the flow in the large-scale domain. In two-way interpolation,
the boundary conditions in the hinge domains are interpolated
from the large-scale domain while the region close to the hinge
and leaflet gaps is blanked in the large-scale domain (Fig. 1) (this
region is not solved in the large-scale domain but is solved in the
hinge domain). The velocities for this blank region are interpolated
from the hinge domains and given to the large-scale domain as
boundary conditions.

The valves are placed as an immersed boundary in an idealized
axisymmetric aorta geometry under a physiological flow condition
(Borazjani et al., 2008; Dasi et al., 2007; Jun et al., 2014a). The
hinge geometry is modeled approximately based on a 23 mm St.
Jude Medical BMHV. The model has two semicircular leaflet ears
which pivot in butterfly-shaped hinge recesses (Fig. 1). Two gap
sizes of 250 pm (large gap) and 150 pm (regular gap) are used in
this study for the hinge region while the b-datum gap is kept con-
stant (200 pm) in all simulations. In addition, the gap between
valve leaflets and housing is neglected in this study. The placement
and the angle of leaflets and housing are exactly the same as pre-
vious bulk-flow simulations (Borazjani et al., 2008) and experi-
ments (Dasi et al., 2007; Jun et al., 2014a). The simulations are
carried out for one cycle and further validated against previous
experiments as reported in the supplementary materials.

2.1. Platelet activation

Because each model of platelet activation is tuned for a specific
experiment, as explained by Grigioni et al. (2004) and Sheriff et al.
(2013), the model coefficients are not universal and change from
experiment to experiment. To make sure that the conclusions are
independent of the model, two activation models (the linear acti-
vation (Bluestein et al., 1997) and Soares model (Soares et al.,
2013)) are used in this work. Linear activation model is simple
and widely used, but does not consider dynamic shear. Soares
model (Soares et al., 2013), which is based on the Platelet Activa-
tion State (PAS) (Jesty and Bluestein, 1999) for dynamic shear
stress (Nobili et al., 2008; Sheriff et al., 2013; Soares et al., 2013),
accounts for the transient nature of flow as well as loading rate
and sensitization on platelet activation.

To incorporate the activation models in numerical simulations
both Eulerian and Lagrangian (two-phase or infinitesimal particle
approach) approaches can be used. Considering the normal range
of platelets in artery vessels, which is 150,000-400,000 per cubic
millimeter (Ross et al., 1988), billions of particles need to be calcu-
lated each second which is not computationally feasible. In this
work, therefore, an Eulerian framework (Hedayat et al., 2017) is
utilized which considers activation as a continuum quantity. Since
the Soares model requires a non-zero initial activation level, a
background level of 1% is used for this model. The details of the
platelet activation models, their validation, and the sensitivity of
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Fig. 1. (a) Large-scale domain for overset numerical simulation (b) flat level is chosen as the plane of reference (c) position of hinge domains and blank regions relative to

hinge recess (d) hinge model with butterfly hinge recess.

the results to the initial activation in the Soares model is reported
in the supplementary materials.

3. Results and discussion

In Section 3.1, the influence of interpolation method (one-way
and two-way coupling) is investigated on the numerical results
compared to the experimental ones. In Section 3.2, the effect of
hinge gap size is investigated on the flow characteristics and plate-
let activation in the hinge region. Finally, the platelet activation in
the bulk flow is compared to the activation in the smaller hinge
gap size (150 um) using Soares and linear level of activation mod-
els (Section 3.3). The flat level (the plane where the semicircular

hinge recess reaches the flat surface of housing) as well as the
plane 300 um above it for the hinge domain (Fig. 1), and mid-
plane normal to x — axis for the bulk flow are selected to visualize
the results similar to previous experiments (Simon et al., 2004; Jun
et al., 2014a). Since both activation models show the same trend,
only the results of Soares model are shown here. The results for lin-
ear activation can be found in Section 3 of supplementary
materials.

3.1. The interpolation method and comparison with experiments

Considering the small gap size of the hinge region and due to
limitations in currently available computational resources, using

Velocity Magnitude (m/sec)

0.0 1.1

23 34 4.5

ot ——

Flat Level

plane of 300 um above

plane of 300 um above Flat Level
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Fig. 2. Velocity contour and vectors for hinge domain at mid-diastole for different plane of view (a) one-way interpolation gap size of 150 um (b) one-way interpolation gap
size of 250 um (c) two-way interpolation gap size of 150 pm (d) two-way interpolation gap size of 250 pm.
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an overset grid (larger grid size for bulk flow and smaller mesh size
for near the hinge region) seems inevitable (to keep good spatial
and temporal resolutions) to perform a simulation through BMHVs
in order to simultaneously capture the large and small-scale flow
features. In previous works (Yun et al., 2012; Simon et al., 2010b,
a), some simplifications were assumed for obtaining the boundary
conditions of the domains near the hinge region. They extracted
the velocity boundary conditions of small domains using one-
way coupling interpolation from a large scale simulation
(Borazjani et al., 2008) during the systole phase; while, for the
diastole phase, they used a plug flow in a way to assure the pres-
sure gradient of 80 mmHg across the valves at mid-diastole. As it
will be shown later, the one-way coupling interpolation for veloc-
ities can lead to acceptable results during the systole phase. How-
ever, due to the disorganized nature of the flow during diastole
phase assuming a plug backflow for the hinge domain is not that
realistic.

Our results show that during the systole phase the scalar shear
profile (Figs. 3 and 4) and the maximum magnitude of velocities on
the flat plane (Fig. S7 of supplementary materials) are almost the
same for both interpolations. However, the difference in velocity
magnitude (through the hinge) due to interpolation is clearly visi-
ble during the diastole phase (Fig. 2a and c). Using one-way inter-
polation, at mid-diastole, the maximum velocity reaches 4.8 m/s
and 3.6 m/s on the flat and 300 um planes, respectively, in
150 um hinge gap size. While using two-way interpolation, the

maximum velocities of 2.4 m/s and 2.8 m/s is observed on the flat
and 300 pum planes, respectively. The shear stress also changes
drastically with the choice of interpolation during diastole.
Fig. 3a shows the maximum shear stress observed using one-way
interpolation is approximately two times higher than two-way
interpolation (Fig.4a). Although the results of one-way interpola-
tion (both maximum magnitude and glyph of velocity) are more
close to the results of previous numerical simulations by Simon
et al. (2010a), the maximum velocity (4.8 m/s) is very different
from the maximum velocity observed in experiments by Simon
et al. (2004) and Jun et al. (2014a) which is from 1.67 m/s to
3.1 m/s for different gap sizes. However, using two-way interpola-
tion the maximum (2.8 m/s) and the velocity vectors are more
close to the results of above experiments (see Fig. 8 of Jun et al.
(2014a) and also Table 1).

Similarly, one-way interpolation overestimates the maximum
shear stress (Table 1) and obviously the flux through the hinge
region which can drastically affect the prediction of platelet activa-
tion in BMHVs. Fig. 5 compares the total activation, defined as the
total amount of activation generated in the domain which is com-
puted by the sum (integral) of platelet activation in the domain—
see Eq. (12) in the supplementary materials, generated by the
hinge region and b-datum gap during a cardiac cycle using Soares
and linear models. The activation values in the figure are normal-
ized by the total activation of the bulk flow at the end of the car-
diac cycle in bulk flow. As it was mentioned during the systole
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Fig. 3. Scalar shear stress for hinge domain using one-way interpolation for gap size of 150 um for different plane of view (a) mid-diastole and (b) systole.



284 M. Hedayat, I. Borazjani/Journal of Biomechanics 83 (2019) 280-290

Shear Stress (dyne/cm? )
0 250 500 750 1000

HH\\\ | LLULLL L]
Mm

plane of 300 um above
(a)
(b)

Fig. 4. Scalar shear stress for hinge domain using two-way interpolation for gap
size of 150 um for different plane of view (a) mid-diastole and (b) systole.
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phase the one-way interpolation provides reasonable results in the
hinge region. Thus, the total activation of one-way coupling is the
same as the two-way one during systole in the hinge area. During
diastole, however, the one-way interpolation generates much
higher activation (more than two times) than the two-way interpo-
lation for all gap sizes using both activation models. In addition, in
one-way interpolation the total platelet activation of the smaller

Table 1

(150 um) gap is higher than the larger one by approximately
50% and 35% (Fig. 5) using Soares and linear models, respectively,
whereas two-way interpolation shows the opposite trend, i.e., the
total activation the larger gap size is higher than the smaller one by
8% and 12% (Fig. 5) using Soares and linear activation models,
respectively. The trend for the two-way interpolation is consistent
with experimental results of Travis et al. (2001) and Leo et al.
(2006) showing lower activation is associated with regular gap size
(100 pm) compared to a larger one (200 pm). Because of the over-
estimation of velocities, shear stress, and the total activation of the
one-way coupling relative to the experiments, one-way coupling is
inadequate to obtain quantitative measures for activation in the
hinge region. Therefore, we only discuss two-way coupling, whose
results are close to previous experiments (Table 1 and 2 in supple-
mentary materials), in the next sections.

3.2. Hinge flow and the gap size

The hinge gap width of BMHVs can vary due to manufacturing
tolerance, or displacement of the leaflets, which can affect the flow
in the hinge area. Our results show that the hinge gap size has a
limited effect on the flow through the hinge during the systole
phase, but it has a significant effect during the diastole in terms
of velocity magnitudes which are directly related to washout abil-
ity in the hinge area (Fig. 2¢, d). The maximum magnitude of the
velocity on the flat level in the smaller gap is less (2.4 m/s) than
the larger gap size (2.8 m/s). However, the magnitude of the b-
datum jet does not change considerably for different gap sizes
(~2.8 m/s). The change of hinge gap size mainly influences the flow
in the ventricle corner. The maximum velocity in the ventricle cor-
ner reduces from 2.1 m/s in the larger gap size to 1.05 m/s in the
smaller one. This smaller velocity suggests that the 150 um gap
size will have a weaker washout potential compared to the larger
gap. The maximum shear stress observed in both gap sizes is in
the same order of magnitude with a slightly higher shear stress
in the larger gap size (1170 dyne/cm?) in comparison to the smal-
ler gap (1120 dyne/cm?). The above trend for the shear stress and
velocity magnitudes with the change in gap size is similar to the
recent experiments of Jun et al. (2014a).

The results of platelet activation calculated using Soares model
for larger and smaller gap sizes during the diastole phase are
shown in Fig. 6. The maximum magnitude of platelet activation
in both gaps is observed in ventricle corners. Furthermore, the acti-
vation contours show lower levels for the smaller gap than the lar-
ger one (Fig. 6). However, the activation due to the b-datum jet for

Comparison of velocity and viscous shear stress at mid-diastole using different interpolation methods for current study to the previous experiments for 23 mm St. Jude Medical

mechanical heart valve.

Source Interpolation method Gap size (um) Plane of view (pum) Max velocity (m/s) Max viscous shear stress (dyne/cm?)

Simon et al. (2004) 100 Flat 1.75 -
100 390 227 -

Jun et al. (2014a) 100 Flat 2.57 > 300

100 390 2.52 > 300

200 Flat 2.26 > 300

200 390 2.91 > 300

Jun et al. (2014b) Clinical Flat 2.62 ~ 600

Clinical 390 3.24 ~ 600

Current study Two-way 150 Flat 2.38 1120

150 300 2.85 1260

250 Flat 2.65 1170

250 300 2.78 1230

One-way 150 Flat 4.83 1840

150 300 2.63 1120

250 Flat 39 1560

250 300 2.71 1130
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Fig. 5. Comparison of total platelet activation for the bulk and the hinge (for different gap sizes and interpolation models) flows using linear and Soares activation model
within a cardiac cycle. The total activation is normalize by total activation of the bulk flow at the end of cycle for each model. The leaflet angles and the flow rates are also
plotted. 1w and 2w denote one-way and two-way interpolation, respectively. 150 and 250 denote the gap size of the hinge region. Linear and Soares denote the platelet

activation model.
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Fig. 6. Platelet activation of hinge domain using Soares model and two-way
interpolation for both gap sizes At mid-diastole for different plane of view (a) gap
size 150 pm and (b) gap size 250 pm.

different gap sizes shows no significant difference on the 300 pm
plane. Comparing the total activation for different gap sizes by
the two-way coupling in Fig. 5 shows that the total activation in
the larger gap size is higher than the smaller one by 8% and 12%
at the end of the cycle for linear and Soares models, respectively.
This indicates that the larger gap size activates more platelets,
which is consistent with the observation in the previous experi-
ments (Travis et al., 2001).

3.3. Platelet activation in bulk versus hinge flow

To compare the impact of the bulk and hinge flow on the perfor-
mance of BMHVs in terms of platelet activation, the total activation
(Eq. (12) of supplementary materials) generated in each phase of
the cardiac cycle is calculated. Fig. 5 compares the total platelet
activation (activation production) caused by the hinge region and
b-datum gap to the activation generated by the bulk flow during
a cardiac cycle using Soares and linear activation models. As men-
tioned in the previous sections, the activation values in the figure
are normalized by the total activation in the bulk flow at the end
of the cycle (Eq. (13) of supplementary materials). Fig. 5 shows that
the total activation at the end of the cycle generated by the bulk
flow is several folds higher than the activation by the hinge region.
In fact, the total activation of the hinge/leakage flow is only about
10% of the bulk flow for different gap sizes and the activation mod-
els. The reason for the higher total activation by the bulk flow will
be closely examined below.

The trend of activation in Fig. 5 can be explained by the
mechanics of activation. For the bulk flow, the total activation
before mid-acceleration phase (t = 100 ms) is almost negligible
because the vortical structures are well organized and symmetric
(Fig. S2 of supplementary materials) which results in low shear
stress (Fig. 7a) and platelet activation in the bulk flow (Fig. 8a).
The rate of activation (slope of the line in Fig. 5) reaches its maxi-
mum at the peak systole (t =200 ms) and this trend continues
during the deceleration phase until the end of systole
(t =360 ms). The rate of total activation during the deceleration
phase is higher (1.5 times) than the acceleration phase because



286

M. Hedayat, I. Borazjani/Journal of Biomechanics 83 (2019) 280-290

Shear stress (dyne/cm? )

0] 30

i\ iHH‘L” ‘HIHHH

| |

0 90 120
W

(d)

Fig. 7. Scalar shear stress for the MHV in the large-scale domain at time t =(a) 137, (b) 206, (c) 309, and (d) 412 ms within the cardiac cycle.

the vortical structures in the BMHV break down into small-scale
disorganized vortices right before the peak systole (Fig. S2 of sup-
plementary materials) similar to previous simulations and experi-
ments (Dasi et al., 2007; Borazjani et al., 2008; Hedayat et al,,
2017), which consequently generates regions of high shear stress
(Fig. 7b-c) that activate platelets (Fig. 8b—c) during the decelera-
tion phase. The activation in the bulk flow mainly happens during
the systole phase, but platelet activation still occurs with a slower
rate until t=550ms (Fig. 5) because of the small vortical
structures remain in the flow (Figs. 7d, 8d) that slowly dissipate.
Due to the dissipation of vortical structures in the bulk flow,

after t = 550 ms the shear stress and consequently the activation
production is negligible, i.e., total activation remains constant
(Fig. 5).

For the hinge and b-datum gap at the beginning (t < 80 ms when
the valves are opening) and the rest of systole the total activation is
negligible (Fig. 5). This is interesting because the shear stress was
not negligible during systole (Fig. 4) as discussed in the previous
section. In fact, during the systole platelets may get activated due
to the flow diving into the leaflet earrings and the hinge recess as
shown by streamlines in Fig. 9b. The streamlines enter the hinge
recess through the ventricular corner (from the gap between the
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Fig. 8. Platelet activation for the MHV in the large-scale domain using the Soares activation model at time t = (a) 137, (b) 206, (c) 309, and (d) 412 ms within the cardiac cycle.

leaflet flat surface and housing) and exit through the adjacent and
aortic corner. Two regions of high shear stress near the ventricle
corner (between the flat level and leaflet surface) and near the adja-
cent corner can be observed in Fig. 4. However, the flow rate
through this region during systole is small which can be seen by
the magnitude of in-plane velocity (up to ~0.5 m/s during the peak

systole) on the flat level (Fig. 9c). Because of the small flow rate
through the hinge recess, a lower number of platelets are exposed
to high shear to get activated during systole, which renders the total
activation of the hinge as negligible compared to the bulk flow.
The main activation in the hinge region and the b-datum gap
happens during the diastole phase (t =400 ms to t = 860 ms in
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Fig. 9. Three-dimensional streamtraces at peak systole (a) and mid-diastole (b) for small-scale simulation near the hinge recess (c) In-plane velocity on the flat level at peak

systole.

Fig. 5) because of the leakage flow through: (1) the gap between
leaflet’s earing and housing in the hinge recess; (2) the gap
between the flat surface of leaflets and the housing; and (3) b-
datum gap. These three gaps (Fig. 1 c) result in three leakage jets
(Figs. 2c and 9a) which exit the hinge recess from lateral, adjacent
and ventricle corners with the maximum velocity magnitude of
2.4 m/s (at the adjacent corner). The leakage jets create regions
of high shear stress near these three corners with the maximum
magnitude of 1120 dyne/cm? at the adjacent corner (Fig. 4a),
which is much higher than the peak shear stress in the bulk flow
(~ 200 dyne/cm?). For the smaller gap size, the minimum of shear
stress and velocity is observed in the ventricle corner. Fig. 6 shows
the platelet activation at mid-diastole on the flat level using Soares
activation model. A high magnitude of the activation is observed
downstream of the valves near the ventricle corner. This can be
explained by the streamtraces (Fig. 9a) in the hinge recess at
mid-diastole (since the flow is almost steady in this phase the
streamtracers and path-lines for platelets are almost the same).
As it can be seen, due to the reverse flow, the streamlines dive into
the hinge recess mostly from the aortic corner then pass through
the gap between leaflet’s earing and hinge recess and exit the ven-
tricle corner. The platelets moving through these streamlines will
travel the longest distance and thus experience a longer exposure
time under the elevated shear stress (in the hinge recess). The pla-
telet activation on the plane of 300 pum above the flat is also shown
in Fig. 6 for the Soares model. The activation in this plane mainly

happens due to the jet from the b-datum gap. The maximum veloc-
ity and shear of 2.8 m/s and 1200 dyne/cm? can be seen on this
plane (Figs. 2c and 4a).

The total activation depends on both the shear stress and the
number of platelets exposed to shear stress, i.e., flow rate during
diastole. In the diastole, during the rapid closure of the leaflets
(t = 430 ms), there is a sharp increase in the total platelet activa-
tion because of the high flow rate of the leakage flow (Fig. 5). After
the valves close, the flow rate through the hinge and b-datum gap
is almost constant (see the flow curve in Fig. 5). Consequently, the
rate of activation in this phase is not changing much and the total
activation is almost linear in this phase.

Based on the above discussion, even though the platelets in
hinge region are exposed to much higher shear stress levels
(compare Figs. 4 and 7) and locally show higher levels of activa-
tion (compare Figs. 6 and 8), the total amount of activation gen-
erated by hinge domain is less than 20% of the bulk domain
mainly because of the low flow rate through the hinge domain
compared to the bulk flow (Fig. 5). In fact, the mean flow rate
of the leakage flow after the valve closure through the hinge
region and b-datum gap is only about 2% of the forward flow rate
through the valve in the bulk flow (Fig. 5). Therefore, a consider-
ably smaller number of platelets will be exposed to high shear
during diastole compared to the bulk flow, which is the main rea-
son for the lower total amount of activation generated in the
hinge region (Fig. 5).
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4. Conclusion

In this study, we developed a numerical framework which
enables us to answer the open question about the role of systole
phase (bulk flow) versus diastole phase (hinge/gap flow) in the
poor thrombogenic performance of BMHVs in terms of shear
induced platelet activation. The results show that while the hinge
area has a higher shear stress and maximum local activation com-
pared to the bulk flow, the total activation due to the bulk flow,
contrary to the common belief (Simon et al., 2010b; Ellis et al.,
1996; Jun et al., 2014a), is several times higher than that of
hinge/leakage flow using both activation models. This is mainly
because of the higher flow rate during systole exposes more plate-
lets to elevated shear in the bulk flow, whereas the low leakage
flow rate during diastole (~2% of bulk flow at peak systole) exposes
lower number of platelets to much higher shear stress. The relative
importance of the amount of platelets exposed (flow rate) vs. the
elevated shear and exposure time was ignored in the previous
studies.

Comparing the results of one-way and two-way interpolation
with the experiments (Simon et al., 2004; Jun et al., 2014a), shows
that, although most of the previous numerical simulation (Simon
et al., 2010a,b; Yun et al., 2012) has used one-way interpolation
due to computational simplicity, the results using this method will
overestimates the velocities, shear stress, and the platelet activa-
tion during the diastole phase in the hinge region. In addition,
our results show that the hinge gap size can significantly affect
the washout potential of BMHVs while the maximum shear stress
and total activation do not change remarkably (less than 10%) for
different hinge gap sizes. The larger gap size shows a better wash-
out performance near the hinge region by having a higher maxi-
mum instantaneous velocity through the hinge (2.8 m/s) in
comparison to the smaller one (2.4 m/s).

5. Limitations

The limitation of our study is that the simulations were per-
formed for only one cardiac cycle and no region with activation
higher than Hellums criterion (35 dyne s/cm?) or APAS =1 was
identified during one time passage. Nevertheless, such levels of
activation can be reached after multiple passages through the
valves. The implicit assumption of our comparison of total platelet
activation in hinge vs. bulk flow, therefore, is that every passage
generates similar activation in each region. This is a reasonable
assumption as the cycle-to-cycle variations of the flow in mechan-
ical valves are small (Dasi et al., 2007), i.e., similar flow field in each
cycle, which creates similar shear exposure to platelets in consec-
utive cycles. In addition, due to the complexity of platelet activa-
tion phenomenon, any mathematical model for predicting
activation is limited to its range of verified validity and its assump-
tions (from simplifying assumptions in the experiments to neglect-
ing chemical factors in platelet activation).
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