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Abstract Blood recirculating devices, such as ventricular
assist devices and prosthetic heart valves, are burdened by
thromboembolic complications requiring complex and life-
long anticoagulant therapy with its inherent hemorrhagic
risks. Pathologic flow patterns occurring in such devices
chronically activate platelets, and the optimization of their
thrombogenic performance requires the development of
flow-induced platelet activation models. However, existing
models are based on empirical correlations using the well-
established power law paradigm of constant levels of shear
stress during certain exposure times as factors for mechanical
platelet activation. These models are limited by their range
of application and do not account for other relevant phe-
nomena, such as loading rate dependence and platelet sen-
sitization to high stress conditions, which characterize the
dynamic flow conditions in devices. These limitations were
addressed by developing a new class of phenomenological
stress-induced platelet activation models that specifies the
rate of platelet activation as a function of the entire stress his-
tory and results in a differential equation that can be directly
integrated to calculate the cumulative levels of activation.
The proposed model reverts to the power law under constant
shear stress conditions and is able to describe experimen-
tal results in response to a diverse range of highly dynamic
stress conditions found in blood recirculating devices. The
model was tested in vitro under emulated device flow condi-
tions and correlates well with experimental results. This new
model provides a reliable and robust mathematical tool that
can be incorporated into computational fluid dynamic studies
in order to optimize design, with the goal of improving the
thrombogenic performance of blood recirculating devices.
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1 Introduction

The advent of blood recirculating devices and cardiovascu-
lar implants (e.g., ventricular assist devices and prosthetic
heart valves) has motivated research efforts toward a bet-
ter understanding of blood damage, hemolysis, and chronic
platelet activation induced by such devices (Edmunds 1987;
Goldstein 2003). Because of the latter, patients with these
classes of implants still develop thromboembolic complica-
tions that expose them to a greater risk of cardioembolic
stroke and mandate a life-long anticoagulant drug regimen
with its inherent risks (Butchart et al. 1988; Wilhelm et al.
1999).

Severely disturbed hemodynamic conditions result from
constrictions in blood recirculating devices, and blood flow
may become turbulent (Healy et al. 1997). In high-speed
rotary ventricular assist devices, platelets are exposed to
shear stresses up to 8,000 dyne/cm2 and extremely high shear
stress rates (flow acceleration and deceleration) for durations
as short as a few milliseconds (Kini et al. 2001; Cheng et al.
2004; Yoganathan et al. 2004). Such brief durations may
still be sufficient to activate platelets (Yin et al. 2005) and
additionally sensitize them so that they become substantially
more susceptible to further activation in response to subse-
quent non-pathological shear stresses (Sheriff et al. 2010).

Platelet activation is measured by variety of techniques,
traditionally flow cytometry, which quantifies the expression
of specific activation markers of receptors on the platelet
membrane, for example, P-selectin (a cell adhesion mole-
cule found on the membrane of activated platelets which
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interacts with von Willebrand factor and fibrinogen) or
Annexin V (a coagulation inhibitor protein that competes
with prothrombin for binding sites on the prothrombinase
complexes) (Jesty et al. 2003). Other measures of platelet
damage include the expression of β-thromboglobulin and
lactate dehydrogenase, both being expressed upon platelet
lysis (Wurzinger et al. 1985). Other approaches include
prothrombinase-based methods and their modifications, rep-
resenting a more universal measure of platelet contribution
to actual coagulation products. A crucial step in platelet acti-
vation and the ensuing coagulation cascade is the assem-
bly of prothrombinase complexes in platelet membranes
and we have previously developed a modified prothrombi-
nase method called the platelet activation state (PAS) assay
(Jesty and Bluestein 1999). Measuring the product of this
process—thrombin generation from prothrombin by the pro-
thrombinase complexes—has been thoroughly employed for
the determination of platelet activation (Jesty and Bluestein
1999; Jesty et al. 2003; Claiborne et al. 2011).

In order to develop a rational technique to optimize blood
recirculating devices with the goal of reducing their throm-
bogenicity, there is a need to develop reliable models that
can predict the damage induced by the pathological regional
flow patterns that these devices generate. Platelets, the preem-
inent cell in thrombosis, respond to mechanical stimuli, as to
any other agonist, by a dose–time response (Hellums 1994).
Exposure to high mechanical stresses induced by pathologi-
cal flow conditions characteristic of many prosthetic devices
chronically activates platelets and occurs at a shear stress
levels an order of magnitude lower than that required for
hemolysis (Travis et al. 2001). Models that account for
stress-induced platelet activation under the highly dynamic
conditions that exist in these devices would allow the direct
integration of the biological aspect of platelet activation with
in silico approaches to obtain a computational estimation of
device thrombogenicity. Device designers could systemati-
cally employ cost-effective design optimization techniques
instead of the current methodology mostly relying on ad hoc
experience (Bluestein et al. 2010).

Limitations in characterizing relevant aspects of the
mechanical stimuli and the ability to control them still
obscure the physical relationships between mechanical load-
ing and platelet response, hampering our ability to achieve
design optimization for blood recirculating devices. Rheo-
logical variables related to pulsatility, eddy formation, and
turbulence may predominate under many physiological and
pathologic conditions (Sutera et al. 1988; Purvis and Gior-
gio 1991; Merten et al. 2000). In order to predict platelet
activation in response to highly dynamic stress histories
properly, such phenomena have to be explicitly taken into
account. After exposure to sufficiently high shear stresses,
platelets do not recover to their pre-exposure activation and
instead appear to sensitize, that is, continue to activate at an

appreciably greater rate when compared with platelets not
primed by prior high shear stress stimuli (Sheriff et al. 2010).
In order to capture this sensitization effect, the entire load-
ing history must be taken in account. While we have shown
that constant shear stress exposure results in this effect, the
role of dynamic conditions (such as flow acceleration and
deceleration) is not well understood.

Previous experimental studies have formed the foundation
for shear-induced platelet activation occurring due to a com-
bination of either constant exposure time or constant shear
stress level (Hellums et al. (1987) and references therein).
Empirical models of blood damage or hemolysis are mostly
based on these experimental observations; yet, in prosthetic
devices, the pathological blood flow patterns that arise are far
more dynamic and complicated. The first attempt to associate
blood damage/hemolysis with shear stress and exposure time
was done by Blackshear et al. (1965), who conducted exper-
iments exposing blood to constant levels of simple shear in
a Couette viscometer and approximated their experimental
data by means of a power law of the form

D = Cταtβ, (1)

where D is an index of damage (defined as the percent-
age of free released hemoglobin indicative of the amount
of red blood cell damage/hemolysis), τ is the shear stress,
t is the exposure time, and C, α, and β are model coefficients.
Following a similar experimental concept, Wurzinger et al.
(1985) exposed blood to constant levels of shear stress and
measured hemoglobin released from red blood cells (hemoly-
sis) and lactate dehydrogenase from platelets (platelet lysis).
Giersiepen et al. (1990) employed the experimental data of
Wurzinger et al. (1985) and reduced it into a mathematical
correlation of the form of Eq. (1) obtaining α = 3.075 and
β = 0.77, demonstrating good agreement and descriptive
capabilities within the range of conditions tested. Hellums
(1994; Kroll et al. 1996) conducted experiments in which
simple shear stress levels were kept constant for varying dura-
tions and vice versa, and coined a criterion for the mechanical
platelet activation threshold as the locus on the shear stress-
exposure time plane (a linear form of Eq. (1) with α = β = 1
and platelet activation being an all-or-nothing event occur-
ring above a threshold value A = τ t). Boreda et al. (1995)
proposed another platelet stimulation function of the power
law form which considered α = 1 and β = 0.452 for exper-
imental models of coronary stenosis but did not perform any
experimental verification of platelet activation. Jesty et al.
(2003) measured the extent of platelet activation in a flow
loop using the chemically modified prothrombinase method
of Jesty and Bluestein (1999) and corroborated that time of
exposure is less significant than the magnitude of shear stress
(i.e., β < α). Grigioni et al. (2005) developed an extension
of the power law model to account for piecewise constant
shear stress histories, and Nobili et al. (2008) conducted
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experiments with platelet mixtures subjected to dynamic
shear stress waveforms and measured platelet activation with
the prothrombinase assay of Jesty and Bluestein (1999).
However, the best fit of their experimental data with the
Grigioni et al. (2005) model resulted in α = 0.6256 and
β = 1.3198, which contravenes previous results that report
the prevalence of shear stress over time of exposure on
platelet activation and can be attributed to the highly dynamic
nature of their shear stress agonist.

Other platelet activation models have been proposed as
possible alternatives of the power law but were not thor-
oughly followed. Based on damage theories of continuum
mechanics, Yeleswarapu et al. (1995) proposed a blood dam-
age model based on a general nonlinear damage equation of
the form Ḋ(t) = Ḋ0 + F(D, σ ) + F̂(σ̇ ), where Ḋ0 rep-
resents a constant accumulation of damage, F(D, σ ) is the
contribution due to stress, and F̂(σ̇ ) is the contribution of
the loading rate. Considering only the second term account-
ing for damage occurring only due to current level of stress,
Yeleswarapu et al. (1995) showed good agreement with con-
stant shear experiments on whole blood and measurements
of hemoglobin release. Previously, Ramstack et al. (1979)
introduced an empirical model for platelet activation (platelet
factor 3 activity) based on a function of shear strain rate
γ and a parameter K describing the particular geometry of
their experiment. The amount of platelet stimulation (platelet
factor 3 activity) was of the form s = 1 − exp(−Kγ t),
which indeed is a particular solution of an ordinary reaction
equation that describes the law of mass action (of the form
ds/dt = Kγ (1 − s), with initial condition s(0) = 0, and
reaction rate at the origin Kγ ).

While power law models generally fitted experimental
data where platelets were exposed to constant shear stress
levels, they do not address well, if at all, more complicated
highly dynamic conditions arising from pathological flow
patterns in prosthetic devices. These models appear inad-
equate to consistently describe the experimental observa-
tions of platelet response to highly dynamic stress loading
conditions. Nevertheless, the power law model is widely
entrenched within the field of computational fluid dynamics
(CFD) studies of blood recirculating devices and is faithfully
utilized for highly complex and dynamic shear stresses his-
tories, conditions that are clearly outside its range of applica-
bility and verified validity. We propose a novel model based
on the specification of the current rate of platelet activa-
tion which permits the computation of infinitesimal accu-
mulations as direct summations. This aspect is extremely
relevant when one departs from the stringent conditions of
empirically derived power laws (constant shear stress for
a certain exposure time) to highly dynamic stress histories
occurring in blood recirculating devices and considers time as
an independent variable. We specify the rate of activation of
platelets as a function of their current activation state (i.e., in a

nonlinear process) and stress history (senescence) up to
current time. The proposed model is able to capture sen-
sitization due to previous high shear stress activation under
subsequent low shear stress conditions, and we are able to
properly describe and distinguish different rates of activation
under dynamic waveforms due to the explicit inclusion of the
contribution of the loading rate platelet activation.

2 Methods

2.1 Shear-induced platelet activation model

In order to address the shortcomings of existing models
described above, we present a general model of stress-
induced platelet activation in response to dynamic stimuli
and incorporate platelet sensitization and loading rate effects.
The model is phenomenological in nature and describes the
relationship between the loading histories of stress (the model
input) and the evolution of platelet activation (the model out-
put).

Platelet activation and damage has been determined with
experimental measurements of the expression of several
biochemical markers, including β-thromboglobulin, lac-
tate dehydrogenase, Annexin V, thrombin generation, and
P-selectin. A crucial step in platelet activation and the ensu-
ing coagulation cascade is the assembly of prothrombinase
complexes in platelet membranes, which convert prothrom-
bin into thrombin, and the degree of activation of platelets
in a platelet mixture can be determined by assaying the gen-
eration of thrombin. We aim for a general model of platelet
activation and for that goal we consider a non-dimensional
and continuous measure of the degree of platelet activation,
the platelet activation state (PAS), defined in the interval
PAS ∈]0, 1[. Non-activated quiescent platelets are charac-
terized by PAS = 0, whereas the upper bound PAS = 1
corresponds to platelets that are fully activated, with each
bound representing a situation of either none or all possi-
ble prothrombinase complexes being active. The common
approach for developing accountable models for mechan-
ical damage/activation of platelets that can be correlated
to experiments considers stress as the agonist for platelet
activation. The stress tensor is symmetric and composed of
six independent components, and a common methodology
employed in CFD studies of blood damage relies on the
reduction in three-dimensional states of stress into one of
its scalar invariants and frame indifference considerations.
Bludszuweit (1995a,b) introduced the concept of assigning
scalar stress values to path lines representing particle paths
through the flow in blood recirculating devices, so that power
law models could be employed and predictions readily cor-
related with the experimental conditions in which most of
blood damage tests were conducted. The scalar stress τ at
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each location and time of the path line of a fluid particle as
it traverses the flow field is obtained by

τ =
⎡
⎣1

6

3∑
i, j=1

(σi i − σ j j )(σi i − σ j j ) + σi jσi j

⎤
⎦

1
2

. (2)

where σi j are the components of the stress tensor. Apel et al.
(2001) followed the methodology of Bludszuweit to reduce
the tensorial quantity of stress into an easily tractable scalar
quantity and interpreted this hypothesis as equating the work
done by the fluid in a simple shear flow with the work done
on a general three-dimensional deformation. Currently most
of the state-of-the-art studies of blood damage or platelet
activation in blood recirculating devices employ Eq. (2) with
the total stress considered as the summation of viscous and
Reynolds stress (cf. Alemu and Bluestein 2007; Wu et al.
2010; Xenos et al. 2010; Girdhar et al. 2012).

A general class of stress-induced platelet activation mod-
els is introduced by specifying the rate of platelet activation
according to the following formulation

PAS(t+�t)−PAS(t)

�t
=

�t→0

dPAS(t)

dt

= f [PAS(t), τ (t)(s)], (3)

where τ (t)(s) = τ(t − s), s ∈ [0, t] is the history of the
scalar stress up to time t . We postulate a general nonlinear
reaction equation whose rate at current time t depends on
the entire stress history and on the current level of activation.
With the explicit dependence on PAS, the current rate of
activation depends on the current level of activation, that is,
platelets with different PAS at time t respond differently to
similar stresses. By considering a dependence on the history
of stress τ (t)(s), memory effects due to previous exposures
that could impact the current rate at time t are captured. An
explicit dependence on stress rate is inherently introduced
with the history of this term. Other external variables, such
as the presence of activation agonists/inhibitors or platelet
count (Schulz-Heik et al. 2005; Sheriff 2010), may play a
role, but the scope of this model focuses solely on the effects
of stress on platelet activation.

Experimental evidence indicates that platelet activation
rate tapers off as activation proceeds, a refractory effect
observed both in platelets and in red blood cells (Leverett
et al. 1972; Schulz-Heik et al. 2005). Based on a priori
theoretical reasoning and the law of mass action of solu-
tions in dynamic equilibrium, the rate of platelet activa-
tion at high levels of PAS follows a logistic saturation: as
PAS → 1, dPAS/dt → 0, that is, as platelets reach maxi-
mum activation asymptotically, their activation rate vanishes
(because less prothrombinase complexes are available for
assembly), and Eq. (3) becomes

dPAS(t)

dt
= K0[PAS, τ (t)(s)](1 − PAS), (4)

where K0 is interpreted as the rate of stress-induced platelet
activation when PAS = 0. We further postulate that stress-
induced activation is driven by three different and distinctive
additive effects of the general form:

K0[PAS, τ (t)(s)]= S(PAS, Hτ )+F(PAS, τ )+G(PAS, τ̇ ).

(5)

The first term S(PAS, Hτ ) accounts for platelet sensitiza-
tion, which is dependent on the current level of activation
and explicitly on the stress accumulation of the entire stress
history up until time t defined as

Hτ =
t∫

0

τ(s)ds. (6)

The second and third terms, F(PAS, τ ) and G(PAS, τ̇ ),
incorporate nonlinear rates of activation which are depen-
dent on the current levels of stress and stress rate. These
contributions to the activation rate are nonlinear due to their
explicit dependence on PAS, and F and G could be general
nonlinear functions of τ and τ̇ accordingly.

Following experimental data of Sheriff et al. (2010), the
sensitization response is characterized by the following func-
tion:

S(PAS, Hτ ) = SrPAS · Hτ , (7)

where Sr is a constant that characterizes the sensitization
response. By analyzing experimental data of multiple exper-
iments and attempting different functional relationships for
possible correlations, we have found that the rate of sensi-
tization at low levels of activation correlates well with the
product of current level of activation and stress accumula-
tion, that is, PAS · Hτ , and a linear relationship adequately
describes the experimental data.

The stress level contribution F(PAS, τ ) is described by
the following generalized power law form:

F(PAS, τ ) = C
1
β βPAS

β−1
β τ

α
β , (8)

where C, α, and β are constants. This specific form was
chosen such that at low levels of activation and under constant
shear stress levels, the well-established power law behavior
is retained.

In order to characterize the stress rate dependence
G(PAS, τ̇ ), we propose the following form for its contribution:

G(PAS, τ̇ ) = C
1
δ

r δPAS
δ−1
δ |τ̇ | γ

δ , (9)

where Cr , γ , and δ are constants. This particular nonlinear
form is consistent with the specific form of Eq. (8). We found
this form to confer a proper phenomenological stress rate
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effect on platelet activation, which correlates well to previous
experimental data.

An initial condition is necessary to obtain particular solu-
tions of Eq. (4): at t = 0, the activation level of the platelet
mixtures is PAS(0) = PAS0, a value that is measured before
each stress loading experiment is performed and represents
the initial activation state platelets may have independent of
the experiments.

2.2 Platelet activation experiments

We employed a hemodynamic shearing device (HSD) as the
test bed for model development and experimental validation.
The HSD combines the geometry of a cone and plate vis-
cometer and a cylindrical coaxial Couette viscometer (as
shown in Fig. 1) driven by a highly accurate direct motor
with very fast dynamic response that is controlled via a pro-
grammable interface, as previously described (Girdhar and
Bluestein 2008; Xenos et al. 2010; Alemu et al. 2010; Girdhar
et al. 2012). The HSD is geometrically designed to generate
uniform levels of shear stress throughout the cone-plate and
the Couette annular gaps. Assuming that the fluid is New-
tonian, only one component of the deviatoric stress tensor is
nonzero: the shear stress τ = τ(t) that the fluid is subjected to
at time t . It is readily observed that the scalar stress resulting
from Eq. (2) for simple shear is the shear stress programmed
in the HSD. The HSD was operated to generate peak shear
stresses up to 70 dyne/cm2 such that flow remains laminar,
inertial effects in the dynamic regime are minimal (time lag
until steady state ∼0.001 s due to the small cone angle and
cylindrical gap), and secondary flow effects are not present
(Einav et al. 1994; Girdhar and Bluestein 2008).

Blood was obtained via venipuncture from consenting
healthy volunteers of both sexes who had not taken aspirin
and ibuprofen at least 2 weeks prior to donation, as per Stony
Brook University IRB regulations. Gel-filtered platelets in
2.5 ml of Hepes-modified Tyrodes buffer (20,000 perμL,
at 37 ◦C and with μ ≈ 1cP) were prepared for exposure
to shear stress in the HSD as previously described (Sher-
iff et al. 2010). Platelet activation state (PAS) is measured by
the chemically modified prothrombinase method of Jesty and
Bluestein (1999). Platelet activation feedback due to gener-
ated thrombin is prevented by acetylation of prothrombin,
thus establishing a one-to-one correspondence of the rate of
acetylated thrombin generation by the activated platelets to
the activation agonist, that is, the shear loading (cf. Fig. 2).
The assay was extensively shown to correlate extremely well
with other methodologies for platelet activation measurement
such as Annexin V or P-selectin expression, quantified with
flow cytometry (Jesty et al. 2003; Claiborne et al. 2011). Due
to the simple shear flow generated by the HSD, the platelet
population is uniformly exposed to the same level of shear
stress so that PAS is a function of time t only.

Fig. 1 Schematic of the hemodynamic shearing device (HSD). The
HSD combines the geometry of a cone and plate viscometer and a
cylindrical coaxial Couette viscometer where the cone angle and the
cylinder gap are chosen such that all fluid is subjected to the same
level shear stress (schematic not drawn to scale). A highly controllable
motor allows the employment of highly dynamic time-dependent shear
stress waveforms (adapted with permission from Xenos et al. (2010),
Copyright 2010 Elsevier Ltd.)

Fig. 2 Platelet activation state (PAS) assay. Acetylated thrombin,
which does not contribute to platelet activation in a feedback mech-
anism, is generated from acetylated prothrombin. In such way, a one-
to-one relationship between the activation agonist, shear stress, and
acetylated thrombin exists and platelet activation can be reliably mea-
sured

Freshly collected non-activated platelet starts with PAS0,
a value measured before each stress loading experiment, and
represents the initial activation state of each platelet batch
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after it is obtained from subjects, which differ from one indi-
vidual to another. Due to platelet heterogeneity and donor-
to-donor variability, we generally observe PAS0 ≈ 0, which
corresponds to a mixture of platelets that on average are qui-
escent (not activated). The upper bound of PAS = 1 (maxi-
mum activation of a platelet mixture) is obtained with soni-
cation of the platelet mixture, which disrupts platelet mem-
branes and causes total granule release. The measured throm-
bin conversion of the sonicated mixture is employed to non-
dimensionalize the values of thrombin conversion measured
with mixtures that were subjected to controlled shear stress
histories (cf. Yin et al. 2005).

In the series of experiments employed for model develop-
ment and validation, the HSD was operated to generate con-
stant and dynamic shear stress loading waveforms or their
combinations (Fig. 3):

(a) steps of different magnitude of constant shear stress
(10, 30, 50, and 70 dyne/cm2) for a fixed period of
time (2 min, with acceleration and deceleration times
of 0.025 s) followed by an extended period of low shear
stress (1 dyne/cm2 up to 14 min);

(b) steps of constant shear stress (30 dyne/cm2) for different
periods of time (1, 2, 3, and 4 min, with acceleration and
deceleration times of 0.025 s) followed by an extended
period of low shear stress (1dyne/cm2 up to 14 min);

(c) triangular peaks (of maximum shear stress of
70 dyne/cm2) of accelerating and decelerating flow
with different shear stress rates (ranging from 350 to
2,800 dyne/s cm2, and all corresponding to equal stress
accumulation Hτ = 2,800 dyne · s/cm2) during 4 min
followed by an extended period of low shear stress
(1 dyne/cm2 up to 14 min).

(d) negative control of low constant shear stress (1 dyne/cm2,
with acceleration time of 0.025 s) for 14 min (not shown
in Fig. 3).

Samples for activation state measurement were taken from
the annular region of the HSD at the start of each experi-
ment (t = 0), at intervals of 1 min during high shear loading
(t = 1, 2, 3, and 4 min) and every 2.5 min during the sub-
sequent low shear period (t = 6.5, 9.0, 11.5, and 14 min).
Platelet counts were taken at the start and at the end to mea-
sure any platelet loss. We have conducted 9, 8, and 7 sets of
experiments for each type of stress exposure, respectively,
and negative control conditions were reproduced for every
experimental set to assert its validity.

2.3 Experimental data reduction

We employed the fourth-order Runge–Kutta method to
obtain numerical solutions of Eq. (4), that is, the evolution
of PAS(t) when subjected to shear stress waveforms τ(t)

(Kincaid and Cheney 2009). A time step of �t = 0.01s was
employed for all waveforms except for the most dynamic,
which required a smaller time step of �t = 0.005s in order
to properly resolve its peaks. Experimental data reduction
to the model constants was performed with the Levenberg–
Marquardt method to minimize the least squares error at the
experimental observation points (Kincaid and Cheney 2009).

Curve-fitting and the determination of the specific forms
of the sensitization, shear stress, and shear stress rate terms
in Eq. (4) were performed progressively as follows:

(i) Shear stress term F(PAS, τ ) was obtained by perform-
ing data reduction from t = 0 to t = 2 min and t = 0
to t = 4 min (3 and 5 experimental data points) with
constant shear stress experiments (Fig. 3a and 3b) and
the negative control. Constants C, α, and β present in
Eq. (8) were determined.

(ii) Shear stress rate term G(PAS, τ̇ ) was obtained as an
additive contribution to the activation rate with data
reduction from dynamic shear t = 0 to t = 4 min
(5 experimental data points) with constant shear stress
experiments (Fig. 3c). Constants Cr and γ present in
Eq. (9) were determined.

(iii) Sensitization term S(PAS, Hτ ) was determined by per-
forming data reduction from the end of the shear loading
period, as noted above, to t = 14 min with all wave-
forms and the negative control. Constant Sr present in
Eq. (7) was determined.

(iv) A final data reduction encompassing all waveforms and
all experimental data points was performed simultane-
ously with the three terms in Eq. (5), and all constants
were tuned one final time.

3 Results

The stress-induced platelet activation model developed shows
robust descriptive capability under a diverse range of oper-
ating conditions (cf. Figs. 4, 5, 6). Numerical solution of the
differential equation (Eq. 4) with the fourth-order Runge–
Kutta method results in the temporal evolution of platelet
activation state in response to the diverse shear stress con-
ditions employed experimentally (Fig. 3). Experimental data
reduction with the Levenberg–Marquardt method results in a
set of constants that capture the complex response of platelet
activation due to stress stimuli (Eqs. 7–9). With one sin-
gle set of constants (Table 1), the model is able to prop-
erly describe stress-induced platelet activation in response to
constant shear stress experiments, either for constant expo-
sure time and different shear stress magnitudes or for con-
stant shear stress magnitudes and different exposure times
(Figs. 3a, b, 4, and 5 up to 2 and 4 min, respectively). Under
these conditions, predictions of the current model agree well
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Fig. 3 Shear stress waveforms programmed to the HSD. Platelets were
subjected to high and constant shear stress levels for a certain period of
time (up to 4 min) followed by subsequent low shear stress up to 14 min
[rows (a) and (b), respectively]. Highly dynamic waveforms [row (c)]

were composed of multiple peaks of high shear stress at several fre-
quencies up to 4 min followed by a period subsequent low shear stress
up to 14 min. Samples were collected at specific time points, and the
current state of platelet activation was measured with the PAS assay

with the predictions of the established power law, and in turn,
corroborate with the experimental results within this specific
range of operation (Table 2).

However, the new model is universal—with the same set
of constants defining the process of stress-induced platelet
activation, it is able to describe the temporal evolution of
platelet activation in response to highly dynamic shear stress
experiments (Fig. 6), conditions that are clearly outside of the
scope of prior models. Moreover, platelet sensitization occur-
ring after the high shear excitation is also properly described
by the nonlinear reaction of the form of Eq. (7). Platelet
sensitization rates, defined as rate of increase in activation
following shear stress stimuli, were obtained by fitting the
experimental measurements during the sensitization period
to a line and determining its slope (open squares in Fig. 7).
The assumption of sensitization rate as a function of level
of activation and stress accumulation holds well for all the
experiments considered. The proposed model describes the
sensitization behavior occurring after the shear stress stimuli
(Figs. 4, 5, 6, after 2 and 4 min, respectively), and Eq. (7) also

results in a good description of sensitization behavior when
rate of sensitization is plotted versus the product PAS · Hτ

(solid line in Fig. 7).

4 Discussion

We conducted diverse experiments, under constant shear
stress conditions as well as under highly dynamic condi-
tions, and corroborated the ability of the power laws model
to reasonably fit experimental observations made under con-
stant shear stress conditions (Nobili et al. 2008; Sheriff et al.
2010). However, existing models fail to consistently pre-
dict the activation response to both constant shear stress and
highly dynamic conditions simultaneously and are naturally
unable to describe observable phenomena such as loading
rate dependence and sensitization to previous stress histo-
ries. These pitfalls raise questions regarding the ability and
validity of power law models to describe platelet activation
occurring in response to conditions that fall outside of its
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Fig. 4 Evolution of platelet activation in response to different levels of
constant shear stress for exposure time of 2 min (top row: shear stress
waveforms; markers: experimentally measured PAS; lines: model pre-

diction). Platelet activation occurs due to high shear stress during the
initial period of mechanical stimuli, and the proposed model is able to
describe activation during constant shear stress (up to 2 min).

initial scope, that is, highly dynamic waveforms. Neverthe-
less, power law models are widely employed within the
field of CFD studies of blood recirculating devices where
they are utilized for highly complex and dynamic stresses
histories, conditions that are clearly outside their range of
applicability.

The nonlinear differential model is based on the specifi-
cation of the current rate of increase in PAS as a function of
the current PAS, and the current mechanical agonist to which
platelets are subjected, particularly, the stress and the stress
rate (Eq. 3). The current rate of activation is the outcome of
three additive contributions: (i) activation due to sensitization
to the history (Eq. 7); (ii) activation due to existing levels of
stress (Eq. 8), which results in the well-established power law
behavior if taken alone under simple shear; and (iii) activation
due to existing levels of stress rate (acceleration and deceler-
ation of flow), which vanishes when stress rate is zero (Eq. 9).
The ability to describe experimental data under diverse and
dynamic conditions with a single set of constants (Figs. 4,
5, 6) offers a significant improvement over existing models.

The inclusion of specific contributions due to sensitization
and stress rate allows for the description of platelet activation
resulting from highly dynamic shear loading waveforms and
the subsequent platelet activation due to prior stimuli.

The power law is a good descriptor of platelet acti-
vation, but only for well-defined combinations of con-
stant levels of simple shear for a given exposure durations
(Figs. 4, 5; Table 2). With the careful specification of the
stress term F(PAS, τ ) as shown in Eq. (8) with constants
C = 1.4854 × 10−7, α = 1.4854, and β = 1.4401, the
model reverts to the power law and is able to describe this
behavior when subjected to the appropriate conditions (con-
stant levels of simple shear). In fact, when one solely consid-
ers the term F(PAS, τ ) in Eq. (3) and stress constant at all
time t , that is, τ(t) = τ0, the following ordinary differential
equation is obtained

dPAS(t)

dt
= C

1
β βPAS(t)

β−1
β τ

α
β

0 , (10)
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Fig. 5 Evolution of platelet activation in response to different expo-
sure times of constant shear stress of 30 dyne/cm2 (top row: shear stress
waveforms; markers: experimentally measured PAS; lines: model pre-
dictions). As in Fig. 4, during the period of mechanical stimuli, platelet

activation occurs due to existing level of shear stress. Afterward (up to
14 min), platelets continue to activate at an appreciable rate (although
only shear stress of 1 dyne/cm2 is imposed), and the proposed model
captures platelet sensitization

whose general solution is

PAS(t) =
(

C
1
β τ

α
β

0 t + C1

)β

= Cτα
0 tβ

⎛
⎝1 + C1

C
1
β τ

α
β

0 t

⎞
⎠

β

,

(11)

where C1 is a constant of integration to be determined by
the initial condition. As PAS0 → 0 and PAS(t) → Cτα

0 tβ—
the solution of Eq. (10) is of the specific form of Eq. (1)—
and our model reverts to the well-established power law (for
constant levels of simple shear, no sensitization, PAS0 ≈ 0
and PAS � 1). Alternatively, it can also be easily shown
that after expansion, the binomial series of the second term
of Eq. (11) converges to unity as t increases.

Activation is significantly different when platelets are sub-
jected to highly dynamic shear stress waveforms (Fig. 3c),
even if platelets are exposed to the same stress–time integral.
A consistent version of the power law (Eq. 10) is unable to

depict these differences properly. In fact, if β = 1, all these
four shear stress histories would lead to the same evolution
of PAS, and for β �= 1, their differences are still minimal.
In order to properly describe this difference in response to
dynamic conditions, we introduced G(PAS, τ̇ ) (Eq. 9). For
consistency but yet sufficient to describe the experimental
data (Fig. 6), we considered a nonlinear process that fol-
lows a power law behavior on stress rate τ̇ and exposure
time with constants Cr = 1.3889 × 10−4, γ = 0.5720, and
δ = 0.5125. Note that whenever the stress rate doubles (as
in between the dynamic waveforms depicted in Fig. 3c), the
increase in rate of activation does not double. Also, as expo-
sure time increases, the rate decreases, and consequently both
exponents are lower than unity.

The significance and consequence of subsequent low
shear on platelet activation has not been thoroughly stud-
ied, with none of the existing platelet activation mod-
els taking platelet sensitization effects into account. The
sensitization term is based on our previous experimental
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Fig. 6 Evolution of platelet activation in response to different dynamic
shear stress waveforms during initial 4 min (top row: shear stress wave-
forms; markers: experimentally observed PAS; lines: model predic-
tions). Shear stress loading rate plays a role in the rate of platelet

activation–platelets exposed to dynamic shear stress histories (trian-
gular waveforms of maximum shear stress of 70 dyne/cm2) show con-
siderable different rates of activation and levels of activation during and
after the mechanical stimuli

Table 1 Constants of the model determined by experimental data reduction

Sr C α β Cr γ δ

1.5701 × 10−7 1.4854 × 10−7 1.4854 1.4401 1.3889 × 10−4 0.572 0.5125

observations that platelets primed by high shear stress
showed a considerably higher subsequent rate of activa-
tion when compared with platelets that were not exposed
to such initial high shear stress stimuli (Sheriff et al. 2010).
Similar sensitization results were previously observed and
reported by Zhang et al. (2002, 2003) in a stenotic flow
loop where only the low shear region distal to the high
shear in the stenosis contributed to observable significant
differences in several activation and aggregation markers. In
order to take these effects into account and properly describe
the experimental data, we considered a nonlinear mecha-
nism in Eq. (7), such that sensitization rate has an explicit
dependence on current level of activation and stress accu-

mulation. We observed good agreement between the specific
form of Eq. (7) as a linear function with sensitization con-
stant Sr = 1.5701 × 10−7 and experimental data (Fig. 7).
Although the dynamic shear stress waveforms considered
(Fig. 3c) have the same amount of stress accumulation, they
sensitize platelets at different rates. To properly describe this
nonlinear process, the rate of platelet activation and sensiti-
zation must depend on current level PAS and on the history
of previous stress exposure (senescence): (i) the strongest
prior shear stress stimuli result in the most intense sensitiza-
tion rates (e.g., stress accumulation of 8,400 dyne · s/cm2 at
2 min for the most intense constant shear stress waveform in
Fig. 3a); (ii) under negligible shear stress, such as the negative
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Table 2 Experimental data, power law model, and ODE model pre-
dictions for constant shear stress experiments. Experimental data for
platelet activation under constant shear stress conditions exhibits a
power-law-like behavior. The proposed model shows a similar behav-

ior as it naturally reverts to the power law when constant shear stress
experiments are considered and the slight difference arises from the
contribution of the sensitization term

Waveform (dyne/cm2) � PAS (%)

t = 1 min t = 2 min

Experimenta Power lawb ODE modelc Experiment Power law ODE model

1 0.74 ± 0.14 0.37 0.63 0.87 ± 0.13 0.42 0.67

10 0.69 ± 0.13 0.67 0.96 1.03 ± 0.25 1.15 1.36

30 1.06 ± 0.12 1.38 1.80 1.66 ± 0.22 2.89 3.34

50 1.57 ± 0.24 2.10 2.78 4.34 ± 0.71 3.99 5.76

70 2.61 ± 0.84 2.84 3.87 8.31 ± 2.04 6.50 8.53

a Experimental data (average n = 9) shown in Figs. 4 and 5
b Prediction obtained with power law model of Eq. (1) with C = 1.47 × 10−6, α = 1.04, β = 1.30
c Prediction obtained with ODE model of Eq. (3) shown in Figs. 4 and 5

Fig. 7 Rate of platelet sensitization vs. platelet activation level. A cor-
relation is observed between experimentally measured rates of platelet
sensitization (y axis) and current levels of platelet activation (x axis)

when experimental data are linearized for the period from t = 4 min up
to t = 14 min and averaged for similar stimuli (open squares). Model
term S(PAS, Hτ ), shown as the solid line, captures this effect

control of 1 dyne/cm2, PAS evolves with sigmoidal behavior
characterized by a very large timescale (not shown); and (iii)
without the presence of any shear stress agonist, platelets do
not activate and consequently do not sensitize.

4.1 Model input (stress history) and model output
(platelet activation state)

One essential issue regarding any stress-induced platelet acti-
vation model is determining what stresses are important and
how should they be considered. Symmetry of the stress tensor
dictates six different and independent components. Fluids are
isotropic, with pressure given by one-third of the first invari-
ant of the stress tensor, and the decomposition into volumetric
(dilatation) and deviatoric (distortion) components is usually
considered. The flow regime is sometimes turbulent, and if
so, the Reynolds-averaged Navier–Stokes equations are gen-

erally used. The Reynolds stresses, which are the result of
the time-averaged formulation of turbulent fluctuations, add
to the stress tensor and need turbulence models for closure
(such as k − ε and k − ω families of models). In the model
developed herein, the stress relevant for platelet activation
is the stress developed in the HSD. The HSD is controlled
with the angular rotation of the cone, and flow remains lam-
inar at the angular speeds considered. With the assumption
that the fluid in the HSD behaves as a Newtonian fluid (rea-
sonable assumption taking into consideration that the fluid
is Hepes-modified Tyrodes buffer with 0.1 % bovine serum
albumin, the only large macromolecule present and a low
platelet count of 20,000 per μL), a homogenous state of shear
stress is imparted at all regions within the device, that is, the
fluid is in simple shear and only one off-diagonal component
of the stress tensor is nonzero, with the diagonal components
corresponding to the atmospheric pressure. Therefore, with
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the reduction in three-dimensional states of stress to a scalar
stress (Eq. 2), we developed and validated a scalar model of
stress-induced platelet activation, that is, with stress history
τ (t)(s), s ∈ [0, t] as the input, and the evolution of platelet
activation PAS(t) as the output. However, this reduction in an
essentially tensorial quantity into a scalar one represents the
introduction of an additional assumption. To illustrate this
point, consider the three following stress tensors given by:

(σ a) =
⎛
⎝

−p τ0 0
τ0 −p 0
0 0 −p

⎞
⎠ ;

(σ b) =
⎛
⎝

−p τ0/
√

2 τ/
√

2
τ0/

√
2 −p 0

τ0/
√

2 0 −p

⎞
⎠ ;

(σ c) =
⎛
⎝

−p τ0/
√

3 τ0/
√

3
τ0/

√
3 −p τ0/

√
3

τ0/
√

3 τ0/
√

3 −p

⎞
⎠

Note that in all three cases, their corresponding scalar stress
computed with Eq. (2) is rendered to the same τ = τ0.
Considerable different multidirectional states of stress that
result in the same scalar obtained with Eq. (2), which
according to Bludszuweit (1995a,b) translate into the same
damage/activation, and can (and are most likely to) differ.
A fully tensorial model would certainly be advantageous,
but would require considerably more complex experimental
programs for its validation.

Platelet activation is determined experimentally by assay-
ing thrombin generation. Although freshly collected platelets
were subjected to a lifetime of unknown stress histories
of non-traumatic stress levels in the vasculature of healthy
donors, we generally do not observe any significant platelet
activity at time of collection (PAS0 ≈ 0 in all experiments).
We consider that stress accumulation occurring previously in
vivo is negligible in comparison with the pathological levels
of shear stress and stress-rate for long exposure time to which
platelets are subjected in vitro. Platelet activation is exper-
imentally bounded with a maximum value of PAS = 1 as
determined by the maximum thrombin generation of a son-
icated sample used for non-dimensionalization of thrombin
generated by sheared platelet mixtures. The range for accu-
rate measurements with the PAS assay should be regarded
with care—large noise and loss of accuracy is observed for
readings of PAS above 50 % (Joylon Jesty, personal commu-
nication, 2012) and experimental data contain a large degree
of variability at these levels. Consequently, we are unable
to validate the model with sufficient accuracy at such high
levels of platelet activation. Nevertheless, based on previous
experimental observations and a priori theoretical reason-
ing, we prescribe that PAS increases asymptotically toward
unity following a logistic saturation process (Eq. 4) such that
as PAS → 1, dPAS/dt → 0 and the maximum bound of

PAS = 1 is fulfilled. This proves to be extremely useful to
consistently employ the proposed model in association with
CFD simulations of blood recirculating devices. Other sat-
uration processes, such as Gompertzian, could be similarly
incorporated in Eq. (4) for equivalent effect.

4.2 Cumulative platelet activation and time as
an independent variable: differential model

By choosing to constitutively specify the rate of activation
(Eq. 3), the model is inherently consistent with cumulative
contributions by dynamic stress loading histories, allowing
one to obtain PAS(t + �t) = PAS(t) + (dPAS/dt)�t and
split dynamic stress waveforms into individual contributions
over �t . This allows computation of PAS(t + �t) from
PAS(t)by evaluating the rate dPAS/dt at time t.Extreme care
should be taken when considering such cumulative effects
with power law models whenever β �= 1 in Eq. (1). Power
law formulations originate from empirical observations on
a phenomenological basis in order to correlate to measured
blood damage, typically under constant shear stress level and
exposure time. A model of the differential form with the spec-
ification of the platelet activation rate should be preferred
whenever one considers time as an independent variable. To
illustrate this inconsistency of the power law handling time
as an independent variable, consider an initial condition at
t = t0 of PAS(t0) = PAS0 subjected to constant shear stress
τ̄ during all time t , and two subsequent time points separated
by �t , that is, t1 = t0 + �t and t2 = t0 + 2�t . From Eq. (1)
while considering constant shear stress τ̄ and exposure time
from t0 to t1 and t2, one obtains respectively:

PAS1 = PAS(t1) = PAS0 + C τ̄ α(t1 − t0)
β

= PAS0 + C τ̄ α�tβ, (12)

PAS2 = PAS(t2) = PAS0 + C τ̄ α(t2 − t0)
β

= PAS0 + C τ̄ α(2�t)β . (13)

Alternatively, one could obtain PAS2 with Eq. (1) with time
of exposure from t1 to t2, that is,

PAS2 = PAS1 + C τ̄ α(t2 − t1)
β = PAS0 + 2C τ̄ α�tβ, (14)

on which, upon substitution of Eq. (12), the inconsistency
of the power law formulation is clearly demonstrated as
the computed result at t2 differs (Eqs. 13, 14). Grigioni et
al. (2004) showed several inconsistencies with the power
law formulation and proposed a modified version of it, but
still based on the additive superposition of cumulative dam-
age. A similar argument exposes the same problem (when
β �= 1) with the modified power law proposed by Grigioni et
al. (2005) and later employed by Nobili et al. (2008) and
Morbiducci et al. (2009). Goubergrits and Affeld (2004)
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recognized the problem arising from the nonlinear depen-
dence on time of exposure and resorted to a cumbersome
adaptation to the algebraic methodology for calculating dam-
age from cumulative contributions with Eq. (1) that would
resolve the inconsistency observed between Eqs. (13) and
(14). They introduced the concept of “virtual time points”
between t1 and t2 and considered the time of exposure in
Eq. (14) as the time from the virtual time point up to t2 instead
of t2 − t1, such that consistency is force-fitted back into the
algebraic model.

In contrast to the algebraic nature of damage models of
the form of Eq. (1), the proposed model is based on the spec-
ification of the current rate of increase in PAS. In such a
way, the cumulative contribution to current PAS due to stress
exposure from time t to time t + �t is directly obtained
and can be considered as the first-order approximation of
a Taylor series expansion at time t + �t . If β = 1, the
employment of this argument to result in the power law is
quite straightforward (e.g., consider the first-order approxi-
mation with β = 1 in Eq. (10) resulting in dPAS/dt = Cτα).
The situation becomes quite problematic in cases when
β �= 1—one could resort to fractional calculus with non-
integer differentiation of order β and the generalized Tay-
lor expansion with Caputo fractional derivatives (Odibat and
Shawagfeh 2007), but such mathematical analysis is unnec-
essarily complex and other strategies, such as presented in
this study, prove to be more reasonable and cost-effective.
The crux of our argument is that cumulative damage can-
not be consistently computed as an algebraic summation of
infinitesimal contributions with Eq. (1) whenever the power
on time β is not equal to 1. Instead, integration of differen-
tial equations specifying the current rate (such as Eqs. (4) or
(10)) should be preferred, with the goal of obtaining consis-
tent models which agree with the experimental observations
that were the origin of the power law.

This problematic aspect of the power law formulation
becomes extremely relevant when one employs cumulative
summations of platelet activation or blood damage under
highly dynamic stresses with τ = τ(t) and t as an indepen-
dent variable. This methodology is usually followed in CFD
studies of blood flow in recirculating devices for thrombo-
genic optimization (Bluestein et al. 1997, 2002; Yin et al.
2004). Stress histories were initially obtained along trajec-
tories of the complex flow fields that originate around these
devices and resolved with CFD techniques, and the current
state of the art is to employ two-phase fluid models (fluid
with discrete particles that simulate platelets) to compute
the stress histories along particle trajectories (Tambasco and
Steinman 2003; Song et al. 2003; Dumont et al. 2007; Alemu
et al. 2010; Xenos et al. 2010; Girdhar et al. 2012; Yun
et al. 2012). This approach certainly leads to a very accu-
rate and detailed analysis of the stress histories that indi-
vidual platelets experience as they flow through a medical

device and allows the calculation of damage accumulation
computed along its trajectory. Nevertheless, damage accu-
mulation computed with algebraic power law models of the
form of Eq. (1) is inconsistent if β �= 1 (as considered by
Song et al. (2003), Wu et al. (2005, 2010), Morbiducci et al.
(2009)), and as expected, cannot describe the phenomenon of
platelet sensitization and does not account for the full effect
of the dynamic stress rates occurring in blood recirculating
devices.

4.3 Limitations

Limitations of the new model may reside in its range of
verified validity and its assumptions, which are inherent to
any modeling of such complex biological response. The in
vitro experimental conditions are idealized and may not fully
represent typical extreme flow conditions in devices, in par-
ticular, multi-dimensional states of stress. Similar to previ-
ous mechanistic models of blood damage, the fundamental
model assumption asserts that stress is the dominant factor
for platelet activation and three-dimensional states of stress
can be reduced to a scalar counterpart, and for such, our
experimental apparatus is highly appropriate. The HSD was
operated at a range of 70 dyne/cm2 and below to guarantee
shear stress uniformity, while shear stress levels in actual
blood recirculating devices may exceed this level. Thus,
sufficient care should be reserved when considering stim-
uli outside the range of experimental validation. However,
stress-induced platelet activation is systematically observed
under these conditions and such process is properly described
by our model.

5 Conclusions

We put forth a general class of stress-induced platelet activa-
tion models of the differential type based on a general reac-
tion equation. The model is phenomenological and builds
upon previously existing shear-induced platelet activation
models and successfully describes experimental observations
of platelet response to a variety of dynamic shear stress con-
ditions. It is able to address inconsistencies associated with
previous models under such conditions. This class of models
produces a better description and estimation of the phenom-
ena of stress-induced platelet activation in a much broader
range of operating conditions, such as response to highly
dynamic stress stimuli, and properly describes the phenom-
ena of platelet sensitization. The incorporation of an account-
able model for platelet activation under dynamic stress
loading conditions with strong descriptive capabilities in
CFD codes would allow for better estimation and optimiza-
tion of platelet activation occurring in blood recirculating
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devices in silico for achieving optimization of their throm-
boresistance during the design stage.
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