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Abstract: A model for platelet activation based on the
theory of damage, incorporating cumulative effects of stress
history and past damage (senescence) was applied to a
three-dimensional (3-D) model of blood flow through a
St. Jude Medical (SJM) bileaflet mechanical heart valve
(MHV), simulating flow conditions after implantation. The
calculations used unsteady Reynolds-averaged Navier–
Stokes formulation with non-Newtonian blood properties.
The results were used to predict platelet damage from total
stress (shear, turbulent, deformation), and incorporate the
contribution of repeated passages of the platelets along

pertinent trajectories.Trajectories that exposed the platelets
to elevated levels of stress around the MHV leaflets and led
them to entrapment within the complex 3-D vortical struc-
tures in the wake of the valve significantly enhanced platelet
activation.This damage accumulation model can be used to
quantify the thrombogenic potential of implantable cardio-
vascular devices, and indicate the problem areas of the
device for improving their designs. Key Words: Mechani-
cal heart valve—Platelets—Damage—Activation—Blood
flow—Numerical methods—Computational fluid dynamics
—Thromboembolism.

About 60% of the approximately 120 000 valves
implanted each year in the USA are mechanical
heart valves (MHVs) (1). Patients with MHV may
develop thromboembolic complications (2). Non-
physiologic flow patterns are characterized by
elevated shear stresses, with portions of the flow cycle
becoming turbulent (3–6). MHVs may induce jet
flow, elevated shear stresses, areas of flow separation
and recirculation, shed vortices, and turbulence (7).

MHVs are used to restore the function of diseased
native valves. During the design evolution of the
various MHV models on the market today, valves
were optimized mostly with respect to their biocom-
patibility and hemolytic potential (mechanical
damage to red blood cells [RBCs]) (8,9). However, in
recent years, it has been recognized that flow-induced
thrombogenicity, caused by chronic platelet activa-
tion, is the salient aspect of blood trauma in MHV.

As MHVs are not necessarily optimized for flow-
induced thrombogenicity (9,10), patients receiving
even the most updated valves with relatively low
thrombogenic potential still require anticoagulant
medication due to the risk of thrombogenic compli-
cations and cardioembolic stroke.

RBCs have flexible membranes and employ “tank-
treading” motion that enables them to sustain much
higher stress levels than platelets before they are
hemolyzed. Compared to RBCs, platelets have rela-
tively rigid membranes and experience higher mem-
brane strains (11). Hemolysis requires a shear stress
of 1500–2500 dyne/cm2 and exposure time of 102 s
(12–14), while platelets will activate at this exposure
time at a much lower shear stress of 100–300 dyne/
cm2 (15,16). Measured turbulent stresses in MHV
leakage flow (17) indicated that turbulent eddies are
in range of platelet activation (18). Platelets are also
smaller than the typical Kolmogorov length scale in
turbulent energy cascade of MHV flows causing them
to respond to viscous shearing (19,20).

Elevated flow stresses and flow patterns that are
present in the nonphysiologic geometries of MHV
enhance their propensity to initiate thromboembo-
lism. These include adverse pressure gradients, flow
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separation, and vortex formation that are present in
all MHV designs (21). These flow patterns can stimu-
late the coagulation cascade and initiate thrombosis
(17,22,23). Activated platelets with long residence
time in these flow regions may aggregate, leading to
free emboli formation (23). Exposure to fluid shear
stresses will activate and aggregate platelets irrevers-
ibly in the absence of any exogenous agonist, showing
consistent “dose” and time response characteristics of
equivalent chemical agonists (24). Upon activation,
platelets change morphology to extend pseudopodia
(25), start adhering to surfaces, and aggregate.Aggre-
gation is promoted by agonists secreted from their
a-granules (26,27), and by fibrinogen that binds to the
platelet surface via GPIIb/IIIa (28).Thrombin is gen-
erated when factor Xa is assembled with cofactor Va
on the surfaces of activated platelets expressing
anionic phospholipids (29).The resulting prothrombi-
nase complex cleaves the soluble fibrinogen into
insoluble fibrin—the clot material that may lead to
thromboembolic complications.

Experimental measurements in RBC established
in the past the relation between shear stress and
exposure time, and the hemolysis-induced level of
hemoglobin release. Based on these observations,
mathematical correlations to estimate the percent
hemoglobin release were developed (30,31). A
similar model was also developed for platelet activa-
tion based on percent release of dehydrogenase
(lactate dehydrogenase) from platelets (30).The rela-
tion between stress and exposure time that results in
hemolysis and in platelet activation has been well
established for the case of constant stress. Based on
results of numerous researchers, Hellums (32) estab-
lished a locus of incipient shear-induced platelet acti-
vation on a shear stress–exposure time plane,
universally referred to as the Hellums’ criterion. The
threshold for platelet activation according to the
Hellums’ criterion is represented by a shear stress–
exposure time product of 35 dyne·s/cm2. Although
some of the aforementioned models satisfy certain
experimental observations, they have also been
shown to mostly underestimate cell damage (33,34).
Under physiological flow conditions and blood flow
through devices, blood is exposed to varying stress
levels resulting in blood damage that differs from the
ideal case of constant stress (30,34).The magnitude of
stress accumulation that leads to cell (RBC/platelet)
damage is not clear. For example, in blood flow
through devices, the contribution of turbulence to
hemolysis and to platelet activation and aggregation
may become significant (20). In addition to turbu-
lence, repeated passages through the device expose
blood constituents to cyclic loading, which may result

in additional cell damage that will precipitate activa-
tion (35,36).

Hemolysis response is similar to platelet activation
response, and several models for hemolysis have
been developed over the years, for example, local rate
of hemolysis as a power function of the average local
rate of mechanical energy dissipation (37), and relat-
ing hemolysis to shear stress (35,36). However, the
formulation of an accountable activation/damage
accumulation model requires taking into account the
dynamic changes characterizing the mechanical
loading environment of the platelets in flowing blood
within the device, and the cumulative effect of
repeated passages past the device (10).

Such an approach was partially developed for
modeling hemolysis in devices, assuming that the cell
keeps record of past damage (memory) and of the
cell age (senescence) such as that the damage (acti-
vation or hemolysis) potential is increased (38,39). In
these predictive phenomenological models, which are
based on the theory of damage in solid mechanics,
internal damage accumulates in an RBC until it
reaches a critical value of damage, either as a function
of the instantaneous stress level and the previous
damage history, or as weight average damage accu-
mulation over a number of cycles. While the process
of platelet activation is more complex than RBC
hemolysis, the conceptual framework is similar. The
latter is important for the ability of a model to cor-
respond to the blood flow conditions within the
device once implanted in a patient. The blood con-
stituents, and specifically platelets, may be exposed to
elevated stresses in their passage through the device,
but only intermittently, followed by a refractory
period of lower stresses while flowing through the
vasculature. With each consecutive passage through
the device, the question arises as to what the effect of
the previous load history is, or senescence of the
platelet, on its activation potential.The current plate-
let damage accumulation model presented in this
article is based on this model.

The current damage accumulation model detailed
in this article uses information extracted from the
numerical simulation performed to resolve the flow
field through the MHV. As such, the ability of the
damage model to predict the damage accumulation
heavily relies on the quality of the simulation. Recent
laminar three-dimensional (3-D) simulations (40–43)
depicted the effects of transient flow past MHV and
the wake dynamics. However, the laminar flow
assumption limits the applicability of these simula-
tions for studying MHV thrombogenicity,as turbulent
stresses may easily exceed their laminar counterparts
by an order of magnitude, and are critical in activating
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the hemostatic system (44). The limitations of most
existing turbulence models in handling complex val-
vular flows (pulsatility entails intermittent turbulence
in the transition range, which violates the isotropic
turbulence assumption most turbulence models use)
restricted the success of their application for solving
MHV flows. Kiris et al. (45) solved the steady 3-D
Reynolds-averaged Navier–Stokes (RANS) equa-
tions in MHV flow, albeit using a simplistic mixing-
length turbulence model. Bluestein et al. (3,23)
performed unsteady turbulent simulations (unsteady
Reynolds-averaged Navier–Stokes [URANS]) using
the Wilcox k–w model (46), which is capable of han-
dling transient turbulence.The k–w turbulence model
was also employed by Yin et al. (47) in comparing the
activation potentials of various MHV models (48).
The simulations depicted the intricate dynamics of the
shed vortices in the wake and quantified stress histo-
ries of platelets along pertinent trajectories, with
results validated using digital particle image velo-
cimetry (DPIV). Only recently, some more advanced
approaches to turbulence modeling in prosthetic
heart valves (PHV) flows have been suggested, by
using the large eddy simulation approach (49,50).

METHODS

This computational fluid dynamics (CFD) study
was conducted to delineate the flow conditions
through an MHV implanted in a physiologic geo-
metry, and determine the flow-induced stress ac-
cumulation leading to platelet activation damage.
Transient and turbulent flow simulations were per-
formed for blood flow in 3-D geometry with a St.
Jude Medical (SJM) bileaflet MHV implanted in the
aortic position. In this study, blood was considered a
two-phase non-Newtonian fluid with spherical solid
particles representing platelets. Particle paths calcu-
lation took into consideration the influence of the
intermittent turbulence present during certain phases
of the cardiac cycle. Turbulent and mean flow
stress values were extracted for pertinent particle
paths. These values were used to calculate platelet
stress accumulation and the resulting damage
accumulation. Platelet damage accumulation was cal-
culated based on a new damage model that accounts
past damage history. The details of the methodology
are outlined as follows.

CFD
URANS formulation was applied to solve blood

flow through physiologic geometry of bileaflet SJM
MHV implanted in the aortic position (Fig. 1). The
physiological conditions after MHV implantation

were mimicked; the natural geometry of the aortic
sinuses was modified to conform with aortotomy
(native valve excision). This geometry was based on
the Atlas of Cardiothoracic Surgery (51), Chaux and
Blanche (52), and a previous numerical study by our
group (23).

The valve model was tilted 15 degrees from the
main flow axis to represent typical misalignment
present during implantation. The model has three
mesh blocks consisting of tetrahedron, prism, and
brick cells, with 670 699 cells total. Progressive
density mesh was used to resolve boundary layer flow
near all solid boundaries as required by the turbu-
lence model. Model geometry and mesh were con-
structed using GAMBIT and TGrid with FLUENT
solver, finite volume-based CFD package (Fluent,
Inc., Lebanon, NH, USA).

In MHV flow, intermittent transient turbulence is
present, requiring the use of specialized turbulent
models.The Wilcox k–w turbulence model was chosen
for its ability to handle turbulent flow in the transition
range (46). The common symmetry assumption
applied in numerous MHV simulations to save com-
putational costs has been demonstrated to be inad-
equate for turbulent simulations (49). The nature of
turbulent flow violates imposed geometric symmetry,
thus its effect on platelets requires employing a full
3-D geometry even if a symmetry plane is present.
Accordingly,a full 3-D geometry was constructed with
a simplified leaflet hinge region to facilitate meshing.

The minimal mesh density in the near wall region
was dictated by the need in the k–w model of the first
grid point away from the walls to be y+ � 1 (y+, nondi-
mensional viscous sublayer height). The height of D,
the first grid point from the wall, was computed

FIG. 1. Investigated valve geometry.
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according to: ω ν= 6

2
2c Δ

(46). With inlet Re = 7300,

assuming 10% turbulence intensity (a typical value
measured in a pulse duplicator system that was also
applied as an initial condition at the inlet), put D at a
characteristic value of 100 mm, which was used to
establish the minimal mesh density in the near-wall
region.

Blood was assumed to be two-phase non-
Newtonian fluid consisting of fluid carrier phase and
neutrally buoyant solid particles representing blood
platelets. Two-phase formulation of URANS, which
takes into account the particle-fluid interaction, was
used to simulate blood flow thorough MHV. Particles
used to simulate platelets were seeded at peak systole
upstream of the leaflets.Two-phase Lagrangian simu-
lation included about 5000 particles seeded in perti-
nent regions. The seeding area is about 200 mm2,
which gives a platelet concentration of 25 platelets/
mm2 based on the seeding area.

The simulation was carried out on cardiac veloc-
ity waveform used in previous work from our group
(23), during deceleration phase up to 300 ms from
peak systole before leaflet closure. This corresponds
to the phase of the cardiac cycle in which the
elevated turbulent stresses and the shed vortices
formed in the valve’s wake contribute to platelet
activation and aggregation. Under pulsatile flow
conditions, the turbulence is intermittent, peaking
only during the deceleration phase following peak
systole (53,54).

The simulation consisted of 3000 time steps with a
uniform step size of 1 ¥ 10-4 s. Turbulent particle
paths were computed using the stochastic model
developed by Gosman and Ioannides (55), in which
the instantaneous velocities in the carrier phase are
used to solve the particle velocities by adding random
fluctuations obtained from the turbulent Wilcox k–w
simulation.

Under low levels of shear such as pertain to recir-
culation regions and vortices populating the valve’s
wake, the blood non-Newtonian viscosity characteris-
tics overwhelm its Newtonian characteristics.Accord-
ingly, the blood was modeled as a non-Newtonian
viscoelastic fluid, with density of r = 1.056 g/cm3 and
yield shear of 0.1/s.The shear dependent viscosity was
extracted by curve fitting experimental data of human
blood viscosity (m) at 37°C and changing shear rates
(∂U/∂y) (56) according to

μ = ∂
∂

⎛
⎝⎜

⎞
⎠⎟

+
−( )

A
U
y

C
B 1

,

A = 2.6314 ¥ 10-2, B = 0.47234, C = 3.117316 ¥ 10-3,

approximating m = 3.5 cPoise at elevated shear levels
(∂U/∂y > 100/s).

Unlike laminar flow conditions, in which the com-
putation of platelet activation by stress accumulation
requires only the knowledge of the laminar shear
stresses, under turbulent flow conditions all compo-
nents of the stress (mean and turbulent Reynolds
stresses) need to be taken into account.The Reynolds
stress components were extracted from the total
stress tensor by applying the Boussinesq approxima-
tion as outlined below.

The total stress tensor includes both the mean and
the turbulent stress components:

 τ μ ρij
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is the stress sensor, m is the viscosity, ∂
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the mean velocity gradient, r is the density, and ′ ′u ui j

is the turbulent/Reynolds stress.
Boussinesq approximation was substituted for the

Reynolds stress component of the total stress tensor
accordingly:
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where k is the turbulent kinetic energy, and mt is the
turbulent viscosity.

The following two components of the tensor
are given to show the general form of all tensor
components:
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The values of viscosity, turbulent viscosity, turbu-
lent kinetic energy, and components of mean velocity
gradient were extracted accordingly for pertinent
platelet trajectories in which the stress accumulation
was computed. The components of the stress tensor
were then rendered into a scalar stress value based
on the formulation outlined by Apel et al. (36).

σ τ τ τ τ τ τ τ τ τ
τ τ τ

= + + − − − +
+ +( )
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where s is the scalar stress.
The stress accumulation calculation was then per-

formed by a summation of the instantaneous product
of this scalar value of the total stress and the expo-
sure time between successive nodal points along the
platelet trajectory:

σ ×∑ Δt (6)

where Dt is the time step.
The same particle paths that were used in the stress

accumulation calculation were then used for the
damage accumulation model described as follows.

Damage model
The relation between stress, exposure time, and

platelet damage can be described by a damage rate
equation (38). Following a mathematical model for
hemolysis based on theory of damage, there exists a
phenomenological damage index, D (representing
platelet activation/damage in this work), which
reflects the cumulative damage sustained by the
platelets’ exposure to varying stress levels. This index
takes into account the initial damage accumulation
(i.e., senescence, or previous damage history during
previous passages through the MHV), the stress
loading history, and the dependence on the loading
rate. In this formulation, the damage assumes nor-
malized values between 0 (no activation/damage)
and 1 (full activation/damage). A possible formula-
tion of this damage accumulation is described by the
following transcendental equation (38):

�D t
D t

r

k( ) = ⎛
⎝⎜

⎞
⎠⎟ − ( )[ ]

σ
σ0

1
1

(7)

While this transcendental equation can be inte-
grated directly to yield D(t), consideration should be
given to the damage accumulation curve which
requires a positive slope to ensure that cell damage
always accumulates. This entails that in the damage
rate equation, the first derivative of damage needs to
be positive at all times. To achieve this behavior, k is
assigned a negative value.

The behavior of the solution for Eq. 8 is depicted
in Fig. 2 for an idealized case of linearly increasing
damage (D) and stress (s). From this plot, we can
infer the behavior of the damage curve for the case of
a nonlinear damage accumulation at various ranges
of damage (D), namely that damage accumulation
behavior, as observed experimentally in platelets
(57,58), includes the following three distinct phases:
initial lag phase, constant accumulation phase, and
refractory effect of tapering off when approaching
full activation.

After integrating Eq. 8, an equation for platelet
damage accumulation is obtained. In Eq. 9, the initial
damage D(t0) reflects the platelet senescence, or the
damage accumulated during previous passages of the
platelet through the valve, and can assume a random
value between 0 and 1:

D t D t
t t
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( ) = ( ) +
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0 1
0
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d
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The transcendental equation is difficult to inte-
grate without prior knowledge of the stress and
damage accumulation behavior. Fortunately, the
information (both spatial and temporal) can be
extracted from the CFD simulation, along any
desired trajectory. For numerical utilization, Eq. 9 is
transformed into the following discrete summation
form:

D t D t
t t

D t
i

i i
i

r

i
k( ) = ( ) +

( )⎛
⎝⎜

⎞
⎠⎟ − ( )[ ]

=

−
−

1
0 11

1 2

σ
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Δ
,

, , ,. . . max.
(9)

For ideal cases where the stress is monotonously
increasing, decreasing, or is kept constant, the
damage accumulation is given in Fig. 3a–c corre-
spondingly, for two assigned initial damage values of
0 and 0.5. The damage accumulation curves are
always increasing and the maximum attainable
damage value is 1. The k and r values of the damage
accumulation function were fixed at -1 and 5,
respectively. A negative value of k gives the desired
behavior of the damage accumulation curve as
observed from the damage rate plot in Fig. 2. The

FIG. 2. Behavior of the damage rate according to the damage
accumulation equation.
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sensitivity of the damage accumulation curve to
stress is prescribed by the r value, which is increased
from unity to produce rapid damage accumulation.
The initial damage value, D(t0) dictates the behavior
of the damage accumulation rate as can be observed
from the difference in the slopes of the two initial
damage cases (0 and 0.5) (Fig. 3a–c).The concavity of
the damage accumulation curve is confirmed if the
stress is increasing or decreasing over time (38,39),
as depicted by the damage accumulation curves
(Fig. 3a–c). These curves were specifically generated
for ideal cases where the dynamic stress behavior
is known a priori (i.e., monotonously increasing,
decreasing, or constant over time). These ideal cases
were used to establish the validity of the damage
accumulation model behavior, before testing it with
actual trajectories stress data that dynamically
change from one point to the other.

The methodology for computing the damage accu-
mulation curves is as follows: first, the numerical
simulation was performed to resolve the flow field
through the MHV. Next, the stress accumulation,
including Reynolds stresses contribution, was calcu-
lated along pertinent trajectories. Finally, damage
accumulation was calculated for those trajectories
according to Eq. 10. For the damage accumulation
calculations, the platelets were assumed to flow
repeatedly along the same trajectories during the
multiple passages through the valve. The platelets
were also assumed to acquire a “perfect memory,”
that is, for each repeated passage the cumulative
damage at the end of that trajectory was applied as
the new initial damage value (senescence) for the
subsequent passage.

RESULTS

Flow field
The complex, time-dependent 3-D nature of the

flow field through MHV makes its presentation
challenging.To illustrate the intricate dynamics of the
flow field, flow trajectories in the region of the bileaf-
let MHV lower leaflet are presented in Fig. 3. Par-
ticles that were seeded upstream of the lower leaflet
emanating from a traverse rack reveal the presence
of complex helical vortices from both sides of the
leaflet that entrain the fluid toward a central jet that
dominates the flow field in the valve’s wake (Fig. 4).
Additional information about the flow can be
obtained from the following cross sections chosen to
illustrate some important features of the flow field
(Figs. 5–9). The helical vortices generated above the
lower leaflet (Fig. 4) counter-rotate and meet on the
symmetry midplane. If a longitudinal symmetry cross

a

b

c

FIG. 3. (a) Damage accumulation behavior for increasing stress.
(b) Damage accumulation behavior for decreasing stress. (c)
Damage accumulation behavior for constant stress.
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FIG. 4. Smoothed path lines depicting the complex flow dynam-
ics and helical vortices developing in the flow field above the
lower leaflet.

FIG. 5. Velocity vector plot of flow past the valve 30 ms after
peak systole (2.5 mm off the midplane cross section).

FIG. 6. Velocity vector plot of flow past the valve at peak systole
(orthogonal cross sections).

FIG. 7. Velocity vector plot of flow past the valve at peak systole
(radial cross section).

FIG. 8. Velocity vector plot of flow past the valve 30 ms after
peak systole (orthogonal cross sections).

FIG. 9. Velocity vector plot of flow past the valve 30 ms after
peak systole (radial cross section).
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sectioning is chosen to show the downstream devel-
opment of the flow field, some important features of
the flow field like the prominent flow separation that
dominate the flow field above the lower leaflet may
be masked. For this reason the cross-sectional plane
shown in Fig. 5 is 2.5 mm off the symmetry midplane,
depicting this prominent flow separation (30 ms after
peak systole). At this time point, the flow separation
limits the cross-sectional available for blood flow
passage, resulting in three strong jets that dominate
the flow field above, in between, and below the
leaflets. Strong shear layers are formed between
these jets and the recirculating flow in the flow sepa-
ration zones.

The velocity vector field through the valve is pre-
sented in a pair of figures (Figs. 6 and 7 both set at the
same phase of the flow cycle, during peak systole). In
Fig. 5, two orthogonal cross-sectional planes along
the flow direction depict the recirculation zones that
are formed in the aortic root sinuses, and regions of
flow separation above both leaflets. A larger flow
separation region is generated above the lower
leaflet. The lateral cross section reveals an area of
maximal velocity of about 3.3 m/s generated in the
gap region between the edge of the lower leaflet and
valve housing.The radial cross section (Fig. 7) depicts
the counter-rotating structures of the helical vortices
that are formed above the lower leaflet.The next pair
of figures (Figs. 8 and 9) employs the same views as
those of Figs. 6 and 7 at 30 ms after peak systole.
These figures depict the dynamics and the temporal
development of the complex flow patterns past the
valve during the deceleration from peak systole. The
recirculation zones that were generated in the aortic
root sinuses expand toward the center of the flow
field and extend further downstream, in the process
entraining more fluid toward the MHV’s wake while
strengthening and elongating the central jet through
the valve. The radial cross section (Fig. 9) depicts the
dynamics of the counter-rotating helical vortices that
were present at peak systole, now moving laterally
from side to side (these vortex dynamics are best
seen with an animation of the transient solution).

Stress and damage accumulation
The two-phase flow calculation of particles repre-

senting platelets was used to establish pertinent par-
ticle trajectories that pass through the “hot spot”
areas in the valve, that is, recirculation zones, the
strong jets, and the spiral vortices, and the interfaces
between them. Those characteristic trajectories were
then used for the stress and damage accumulation
calculations. Plots of four representative platelet tra-
jectories and their corresponding stress accumulation

are presented (Fig. 10). The figure shows a composite
of the selected path lines and their corresponding
stress accumulation curves (plotted with the same
color). For the selected particle paths, the stress accu-
mulation values range from 8 to 1 dyne·s/cm2, in the
high and low stress regions, respectively. The particle
path corresponding to a platelet flowing in the core
flow region between the two leaflets (depicted by the
solid curve), has a brief residence time, thus lower
stress accumulation value.The two particle paths with
the highest stress accumulation values (the dashed-
dot and dashed-line curves) are trajectories of plate-
lets that were recruited to the helical vortices. The
path corresponding to the dotted line curve origi-
nated in a shear layer, where it was first exposed to
elevated stresses (rapid initial accumulation) then
carried away into low stress region, as evident from
the low stress accumulation in the second half of the
dotted line curve.

From the particle paths used for the stress accumu-
lation calculations described earlier, two representa-
tive paths were selected to calculate the amount of
platelet damage accumulation and its dependence on
the platelet initial damage (senescence) during
repeated passages through the valve. The first path is
of a platelet in the helical vortex above the lower
leaflet typically exposed to elevated stresses and
longer exposure time, while the second path is of a
platelet flowing in the core region typically exposed
to much lower stresses for a shorter duration (the
paths corresponding to the solid and dashed lines in
Fig. 11, respectively). As outlined in Eq. 10, damage
accumulation uses values of stress, exposure time,
and the initial damage (the previous damage history)

FIG. 10. Stress accumulation (platelet level of activation) with
the corresponding platelet trajectories.
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to obtain the level of cumulative damage in subse-
quent passages. To assess the damage model behav-
ior, three cases of initial damage values, D(t0) = 0,
0.25, 0.5, were assigned for these platelet trajectories.
The damage accumulation plot shows the cumulative
damage of platelets that completed 18 repeated
passes through the valve region (Fig. 11). This trans-
lated into the wiggling behavior noticeable in these
accumulation curves. For the case of no initial
damage, D(t0) = 0, final damage values of approxi-
mately 0.4 and 0.75 were obtained for trajectories
through the low and high stress regions, respectively.
For higher initial damage values, the damage accu-
mulation rates rather tapered off (more quickly so
with higher initial damage value), but the total cumu-
lative damage was higher and was achieved earlier.

DISCUSSION

The implanted MHV geometry used in this study
incorporates slight misalignment of the implanted
valve geometry. This misalignment establishes a low-
pressure region above the leaflet leading to flow
separation and formation of counter-rotating spiral
vortices between the MHV leaflets which entrain
fluid toward the center (40). These flow structures
result in decreased flow cross section, strong jets,
high velocity gradient, and high shear stress, all of
which contribute to platelet stress damage. Spiral
vortices draw platelets from the core flow to the
high shear regions near the solid boundaries. The
interfaces between these strong jets and the recircu-
lation and flow separation zones generate strong
shear layers that expose platelets to elevated
stresses. The helical vortices then entrain the plate-
lets toward the MHV wake. It reiterates the role of

the wake dynamics in activating platelets, and the
dominant role in the recruitment and aggregation of
platelets that were activated in previous flow phases.
It is postulated that these wake dynamics are the
origins of cerebrovascular microemboli associated
with MHV. They provide the necessary conditions
for hemostatic reactions by providing optimal
mixing for platelet aggregation, increasing the pro-
coagulant surfaces needed for the coagulation reac-
tions to proceed, and dispersing the clotting factors
in the process. Prior activation and the extrusion of
platelets pseudopodia, which may be induced by the
elevated shear stresses globally preceding vortex
dynamics, increase their effective hydrodynamic
volume by several folds, resulting in an increased
collision rate (59). The ensuing turbulent eddies
enhance mixing and cascade energy to ever smaller
spatial scales, while dissipating it (the Kolmogorov
cascade). When scales are comparable to cellular
scales, eddies directly interact with the cells, damag-
ing their membranes (20).

The lateral dynamics of the helical vortices that
were observed is characteristic of the inherent
unsteadiness of transient turbulence. It invalidates a
possible symmetry assumption that may have been
used to reduce the size of the numerical mesh by
half, and the ensuing computational costs involved.
Such an assumption would eliminate these vortex
dynamics.

The noticeable strengthening of the jets 30 ms after
peak systole, when the main flow field is actually
dwindling because of the main flow deceleration, is
attributed to the dynamics of the aortic root recircu-
lation zones and their interaction with the central
flow in the MHV wake. The elongation and expan-
sion of these recirculation zones toward the center of
the flow field limits the cross-sectional area available
for the flow passage in the central region, inducing
local acceleration that feeds the central jets even
though the main flow field is losing energy during
deceleration.

A new platelet damage accumulation model relat-
ing dynamic varying stress levels (faithfully repre-
senting physiologic flow conditions), incorporating
the effects of platelet senescence and repeated pas-
sages through the valve, was applied to the results of
the non-Newtonian URANS simulation of blood
flow past the MHV. The complex flow dynamics
revealed regions combining elevated stresses with
long residence times in the recirculation zones and
the helical vortices populating the wake. These
resulted in “hot spot” areas in which values of stress
accumulation were high. This is clearly seen from the
behavior of stress accumulation curves in trajectories

FIG. 11. Damage accumulation during repeated passages past
the valve, with the corresponding platelet trajectories.
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through spiral vortices and core flow region (Fig. 10).
The MHV geometry controls the dynamics of the
resulting flow structures, which in turn dictates the
rate of stress accumulation.

While there are several formulations for platelet
activation under the combined effect of stress and
exposure time, for example, power law-type relation
proposed by others (60), a linear stress–exposure time
summation was applied. Notwithstanding, our model
involves a summation of the instantaneous product of
shear stress and exposure times along the platelet
trajectory (successively computed between adjacent
numerical nodes). In other words, it is not mere inte-
gration of the shear stress over time, as both are
independent parameters that continuously change
according to the platelet velocity and the shear level
encountered along the turbulent platelet trajectory. In
this manner, the transient nature of the flow field is
incorporated into the model via the continually
changing shear–exposure product. The “linear” sum-
mation of this instantaneous product is a first approxi-
mation of platelet activation under unsteady flow
conditions, in the absence of a better, accountable,
model for platelet “damage” accumulation. Actual
stress accumulation may deviate from the one pre-
dicted by linear summation.

As mentioned earlier, the relation between stress
accumulation and platelet activation was established
experimentally mostly for constant stress loading.
The established threshold value for platelet activa-
tion under constant shear stress and exposure times
(35 dyne·s/cm2, also known as the Hellums criterion)
represents a conservative upper limit, as experimen-
tal evidence indicates that under dynamic flow con-
ditions platelets are activated earlier.

The effect of the platelet senescence and the
repeated passages through the valve reveals a
dynamic response in which the platelet activation
rate tapers off as it accumulates damage. This type of
refractory effect was observed experimentally both in
RBCs and in platelets (57,58), and corresponds to the
behavior in the damage accumulation curves (Fig.
11).The level of initial damage, D(t0), dictates the rate
of damage accumulation, with higher initial damage
slowing down this rate. However, higher initial
damage led to higher total cumulative damage that
was achieved earlier, clearly indicating that predic-
tive damage accumulation models should include
platelet senescence. During their lifetime, platelets
pass through the heart and its valves numerous times.
Clearly, flow-induced platelet activation requires
multiple passes.The current simulation was restricted
to 300 ms of the cardiac cycle (from peak systole until
just before leaflet closure), and to 18 passages past

the aortic valve. Damage accumulation was calcu-
lated assuming the platelets arriving at peak systole
and continuing to do so during repeated passes. In the
current formulation of the damage accumulation
model, platelets were assumed to have “perfect
memory” of damage incurred on them during the
past passages through the valve. In addition, platelets
were assumed to follow the same trajectory during
these repeated passages. The results of our model
indicate a continually increasing value of damage,
demonstrating the cumulative effect that may
eventually drive platelets beyond their activation
threshold. Under the physiologic scenario, platelets
flow through regions of much lower stresses in the
vasculature between passages through the valve, and
may have mechanisms of damage recovery.Addition-
ally, platelets will not patently flow through the
“hot spot” regions of the valve during subsequent
passages. Accordingly, actual damage accumulation
may be lower than the one predicted by our model.
The values of r and k of the damage model (Eq. 10)
were assigned based on the conditions set by the
damage rate (first derivative) equation. Adjustment
of these values based on experimental data will be
the focus of future work.

Various activation pathways and feedback loops
are involved in platelet activation process, possibly
accelerating activation. These are not represented in
the model, which corresponds only to the mechanical
stimuli.The results are demonstration of the capabili-
ties of the current platelet damage accumulation
model. It clearly provides invaluable quantitative
information regarding flow-induced mechanisms that
lead to thrombogenic complications in MHV and
other blood-recirculating prosthetic devices.

CONCLUSIONS

A comprehensive CFD simulation of non-
Newtonian, transient, and turbulent blood flow past a
bileaflet MHV implanted in the aortic position was
performed. A complete mapping of the complex flow
patterns and the ensuing total stresses was then
applied to compute the stress accumulation of plate-
let flowing along pertinent trajectories within the
MHV flow field to quantify their activation potential.
Two approaches were employed: first, the activation
potential was quantified by integrating the instanta-
neous stress–exposure time product along the
trajectories. Second, the cumulative damage of
repeated passages past the valve was computed using
a sophisticated damage accumulation model that
takes into account the previous loading history of the
platelets. To our knowledge, this is the first applica-
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tion of such a damage accumulation model to realis-
tic flow conditions found in prosthetic cardiovascular
devices. In this initial application of the model,
various simplifying assumptions were necessary,
still yielding results that predict fairly accurately
observed experimental results and clearly demon-
strating the predictive capabilities of our model.

In addition to including multiple particle releases
representing a large population of platelets, the fol-
lowing enhancements of the damage accumulation
model will be employed in the future: each platelet
will be assigned random initial damage value to simu-
late platelets with varying degrees of damage that
may be present in the blood. During subsequent
passes, this value will be updated by the damage accu-
mulated during the current pass. In the subsequent
passes, a different path will be randomly assigned
based on a statistical distribution. These model
enhancements will facilitate correlations with in vitro
measurements of platelet activity that we are cur-
rently conducting in prosthetic heart valves in a left
ventricular assist device circulation system, and in a
computer-controlled hemodynamic shearing device,
which is capable of generating prescribed uniform
shear stress waveforms extracted from the numerical
simulations.
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