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Abstract

Introduction—Continuous flow ventricular assist devices (cfVADs) continue to be limited by 

thrombotic complications associated with disruptive flow patterns and supraphysiologic shear 

stresses. Patients are prescribed complex antiplatelet therapies, which do not fully prevent 

recurrent thromboembolic events. This is partially due to limited data on antiplatelet efficacy 

under cfVAD-associated shear conditions.

Materials and Methods—We investigated the efficacy of antiplatelet drugs directly acting on 

three pathways: (1) cyclooxygenase (aspirin), (2) phosphodiesterase (dipyridamole, pentoxifylline, 

cilostazol), and (3) glycoprotein IIb–IIIa (eptifibatide). Gel-filtered platelets treated with these 

drugs were exposed for 10 min to either constant shear stresses (30 dyne/cm2 and 70 dyne/cm2) or 

dynamic shear stress profiles extracted from simulated platelet trajectories through a cfVAD 

(Micromed DeBakey). Platelet activation state (PAS) was measured using a modified 

prothrombinase-based assay, with drug efficacy quantified based on PAS reduction compared to 

untreated controls.
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Results and Conclusions—Significant PAS reduction was observed for all drugs after 

exposure to 30 dyne/cm2 constant shear stress, and all drugs but dipyridamole after exposure to the 

30th percentile shear stress waveform of the cfVAD. However, only cilostazol was significantly 

effective after 70 dyne/cm2 constant shear stress exposure, though no significant reduction was 

observed upon exposure to median shear stress conditions in the cfVAD. These results, coupled 

with the persistence of reported clinical thrombotic complication, suggest the need for the 

development of new classes of drugs that are especially designed to mitigate thrombosis in cfVAD 

patients, while reducing or eliminating the risk of bleeding.
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Introduction

Mechanical circulatory support (MCS), i.e. the use of exogenous or implanted pump systems 

to restore hemodynamics of the failing heart, has emerged as a mainstay of therapy for 

patients with advanced and end-stage heart failure [1]. MCS devices, while effective from a 

flow and blood pressure perspective, remain plagued by a range of complications, notably 

thrombosis [1]. Continuous flow ventricular assist devices (cfVADs), the primary MCS 

devices implanted today, are limited by pump-related thrombosis, occurring either within the 

pump, in pump inflow or outflow tracts, or secondarily via thrombus ingress from the 

upstream failing ventricle, leading to arterial and venous thromboembolic events, stroke, 

pump stop, and possible death [2–5]. The primary driver of pump-related thrombosis is non-

physiologic flow associated with cfVADs, which repetitively and chronically subject 

circulating platelets to supra-physiologic shear stress (hypershear), resulting in shear-

mediated platelet activation and thrombosis [6, 7]. To prevent thrombus formation, MCS-

implanted patients are placed on life-long, antiplatelet and anti-coagulant therapy to mitigate 

risk. Sadly, despite the use of these anti-thrombotic regimens, thrombosis continues to occur, 

and is often accompanied unfortunately by concomitant bleeding as well, a recognized side 

effect of the medications employed [8, 9].

The primary anti-platelet agent utilized in current MCS management is aspirin, i.e. 

acetylsalicylic acid (ASA) [10, 11]. ASA inhibits platelet reactivity by acetylating 

cyclooxygenase (COX-1 and COX-2), thereby altering prostaglandin and thromboxane 

synthesis [12]. The majority of device implantation centers globally opt to use ASA as the 

sole anti-platelet agent, reported as being prescribed in 83.8% of HeartMate II (HMII, 

Thoratec Corporation, Pleasanton, CA) and 88.9% of HVAD (HeartWare, Framingham, 

MA) patients [13]. Device manufacturers may suggest dual anti-platelet therapy, consisting 

of ASA and an additional anti-platelet drug, such as dipyridamole (DP) [14]. DP is 

phosphodiesterase (PDE) type 3 and 5 inhibitor that increases intra-platelet cyclic adenosine 

monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP), inhibiting platelet 

activation [15, 16]. Approximately 8.8% of HMII and 5.6% of HVAD patients are placed on 

ASA-DP dual antiplatelet therapy [13]. Pentoxifylline is a nonselective PDE inhibitor that 

inhibits platelet aggregation [15, 17], and is incorporated into some anti-thrombotic 
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regimens as it is known to reduce whole blood viscosity and increase erythrocyte 

deformability [8]. In addition to COX and PDE inhibitors, direct acting antagonists for the 

GPIIb–IIIa receptor have been utilized to inhibit platelet aggregation. Eptifibatide, a potent 

inhibitor of fibrinogen binding to GPIIb–IIIa, is the most widely-used anti-platelet agent of 

its class, approved by the FDA for treatment of acute coronary syndrome and for use in 

percutaneous coronary interventions, due to its inhibition efficacy and modestly-prolonged 

bleeding times [18]. Eptifibatide has been used in a limited number of cases to mitigate 

HMII pump thrombosis, yielding mixed results with a concerning number of bleeding events 

[19–21]. Despite anti-platelet therapy, patients with MCS devices continue to have recurrent 

arterial and venous thromboembolic events in approximately 8% of HVAD patients [3] and 

pump thrombosis in 7% of HMII patients [5] annually. Thromboembolic events occur at a 

rate of 0.67 events per patient year across all cfVADs, as reported in INTERMACS [1]. 

These adverse events are partially a result of the limited understanding of antiplatelet drug 

efficacy under the supra-physiologic shear conditions encountered by platelets in cfVADs 

[24, 25]. The wall shear stresses in cfVADs are typically dynamic, approaching estimated 

shear stresses up to 2,000 dyne/cm2 in centrifugal devices [26] and up to 30,000 dyne/cm2 in 

axial devices, with peak fluid shear stresses approaching 4,000 to 6,000 dyne/cm2 in 

clinically implanted cfVADs [27, 29], as calculated with computational fluid dynamics 

modeling. Typical exposure times in VADs range on the order of 10 to 100 ms. These values 

are approximate as such proprietary parameters are not routinely released by device 

companies, giving an incomplete set of data, which may hinder a better understanding of 

platelet and blood trauma in devices and the design of less traumatic devices. Thus, 

establishing the efficacy of antiplatelet drugs under these hypershear conditions is crucial for 

optimizing pharmacotherapy of cfVAD patients.

In the present study, we expand on our initial report of the lack of efficacy of ASA as means 

of limiting hypershear-mediated platelet activation [24, 25], and herein examine the 

inhibitory efficacy of commonly prescribed direct-acting antiplatelet drugs, under similar 

constant and device-associated shear conditions. We evaluated the efficacy of three classes 

of platelet antagonists: (1) COX inhibitors, (2) PDE inhibitors, and (3) GPIIb–IIIa inhibitors. 

We utilized the COX-pathway inhibitor ASA as our starting point [24]. DP, pentoxifylline, 

and cilostazol were utilized as PDE inhibitor representatives. The latter reversibly inhibits 

agonist-induced aggregation by preventing PDE 3 from converting cAMP, leading to an 

increase in protein kinase A [15]. Cilostazol is commonly prescribed for intermittent 

claudication, a painful exercise-induced leg cramping in patients with peripheral artery 

disease, without prolonging bleeding time [30]. In this study, we did not examine other 

potentially powerful platelet activation antagonists which require metabolism, e.g. 

clopidogrel. We selected these agents for study as a common, but unsubstantiated clinical 

view is that they have greater potency for shear inhibition than ASA. We hypothesized that 

all three classes of direct-acting anti-platelet agents tested here have limited ability to inhibit 

or reduce shear-mediated platelet activation under device-associated shear profiles. Purified 

platelets treated with these three classes of drugs were exposed to constant shear stresses 

over an extended period of time, as well as dynamic shear stress waveforms extracted from 

simulated flight trajectories of platelets passing through a clinical cfVAD [27, 29]. Efficacy 
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of the drugs was evaluated with the reduction in thrombin generation rates compared to 

untreated controls after shear exposure.

Materials and Methods

Platelet preparation

Informed consent was obtained from healthy adult volunteers of both sexes who had not 

taken aspirin or ibuprofen for two weeks, as per a University of Arizona IRB-approved 

protocol. Whole blood (30 ml) was drawn via antecubital venipuncture into 3 ml acid-citrate 

dextrose (ACD-A) and centrifuged at 500g for 15 min to obtain platelet-rich plasma (PRP), 

which was filtered through a column of Sepharose 2B beads (Sigma-Aldrich, St. Louis, MO, 

USA) to collect gel-filtered platelets (GFP) [31, 32]. GFP were diluted to a count of 

20,000/µl in HEPES-buffered modified Tyrode’s solution, with 3 mM CaCl2 added 10 min 

prior to experiments [31, 33].

Treatment of gel-filtered platelets with anti-platelet drugs

Selection of the antiplatelet drugs was based on their common acceptance in clinical 

cardiovascular practice today, the frequency of their administration to device patients and the 

pathway of action. We selected drugs that inactivated cyclooxygenase (COX), and inhibited 

phosphodiesterase (PDE) and glycoprotein IIb/IIIa (GPIIb–IIIa).

Acetylsalicylic acid (ASA, aspirin) is a commonly administered COX pathway inhibitor in 

patients with cardiovascular disease due to its antiplatelet properties, and it is prescribed for 

almost all patients implanted with MCS devices [8]. Platelets in this study were treated with 

ASA (Sigma Aldrich, St. Louis, MO) dissolved in sodium bicarbonate solution (180 mg 

ASA, 270 mg citric acid, and 349 mg sodium hydrogen carbonate in 10 ml double-distilled 

H2O, ddH2O), obtaining a 0.1 M solution. This was further diluted to a 25 or 125 µM final 

concentration. These ASA concentrations correspond to clinical use dosages of 81 mg/day 

or 325 mg/day, respectively [8].

Several inhibitors of cyclic adenosine PDEs, which regulate platelet function by limiting the 

intracellular levels of cyclic nucleotides, are currently used in clinic as antiplatelet agents 

[15]. We investigated the effects of dipyridamole (DP), pentoxifylline, and cilostazol. DP 

was prepared from a stock solution (Persantine, Boehringer Ingelheim Pharmaceuticals, Inc., 

Ridgefield, CT) containing 5 mg/ml DP, 50 mg/ml polyethylene glycol (PEG) 6000, and 2 

mg/ml tartaric acid dissolved in water. This was further diluted to a final concentration of 5, 

10, or 25 µM. Pentoxifylline is a non-selective PDE inhibitor that also reduces whole blood 

viscosity and improves erythrocyte deformability. A 0.1 M solution was prepared by 

dissolving 280 mg pentoxifylline (Sigma Aldrich, St. Louis, MO) in 10 ml ddH2O. The pH 

was recalibrated to 7.4 by adding 0.1 M NaOH. Platelets were treated at a final 

concentration of 100 µM. Cilostazol is a selective PDE 3 inhibitor that increases cAMP, 

thereby increasing protein kinase A and directly inhibiting platelet aggregation. Cilostazol 

was prepared by pulverizing commercially available tablets (50 mg, Apotex Corporation, 

Weston, FL), then dissolving the powder in 10 ml dimethylformamide, obtaining a final 

concentration of 0.1 M. Platelets were treated at a final concentration of 50 µM.
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GPIIb–IIIa inhibitors are some of the most potent antiplatelet agents, as they inhibit platelet 

aggregation, and are prescribed for some MCS patients. We obtained eptifibatide (Integrilin, 

Merck, Kenilworth, NJ), one such inhibitor, as a 100 ml infusion vial containing 0.75 mg/ml 

eptifibatide. Platelets were treated at a final concentration of 0.25 µg/ml.

Platelets were incubated with the antiplatelet drug being tested at 37°C for 10 min prior to 

shear exposure. For each drug-treated platelet sample, a paired control experiment with 

platelets exposed to the solvent vehicle alone (control) was performed on the same day. The 

drug treatments are summarized in Figure 1.

Exposure of antiplatelet-treated platelets to constant and dynamic shear stress

Platelets were exposed to both constant and dynamic shear stress in the Hemodynamic 

Shearing Device, a computer-controlled cone-plate-Couette viscometer programmed with 

shear stress waveforms mimicking conditions found in blood recirculating devices [34, 35]. 

In the constant shear stress experiments, platelets were exposed to 30 dyne/cm2 or 70 

dyne/cm. These shear stresses represent physiologic and pathologic magnitudes, 

respectively, encountered by platelets [36]. For the dynamic experiments, the waveforms 

were selected from the probability density function of the shear stress conditions extracted 

from platelet-like particle trajectories passing through a DeBakey cfVAD [27]. This function 

describes the distribution of the stress accumulations, or product of shear stress and exposure 

time, experienced by the particles during a single passage through the device. In particular, 

we selected waveforms corresponding to the 30th and 50th percentiles of the stress 

accumulation distribution, with an exposure frequency of 110 passages per min [24]. These 

percentiles were selected to mimic a “gentler” and median exposure, respectively, of 

platelets passing through a clinically implanted cfVAD. The magnitude of the waveforms 

was scaled by a factor of 52.5 as the maximum shear stress of the Hemodynamic Shearing 

Device cannot exceed 108 dyne/cm2 at 1 cP, but the waveforms retain their dynamic nature. 

Total experimental duration for each both constant and dynamic waveforms was 10 min, 

with samples taken at 0, 2, 5, and 10 min. At each time point, the Hemodynamic Shearing 

Device was slowed down to 1 dyne/cm2 for 30 s for sampling. The shear stress conditions 

are summarized in Figure 1. We note here that the emphasis is not necessarily on the shear 

stress magnitude alone, but also the continued exposure of platelets to these conditions, 

mimicking the stress accumulation these platelets encounter during repeated passages 

through cfVADs [34].

Platelet activation measurements

A modified prothrombinase-based chromogenic assay employing acetylated prothrombin 

was utilized to quantify the platelet activation state (PAS), a measure of thrombin generation 

[37]. PAS values were normalized against fully activated platelets obtained by sonication (10 

W for 10 s, Branson Sonifier 150 with microprobe, Branson, MO) [32]. Normalized PAS 

values are reported as a fraction of the maximal thrombin-generating capacity, with a 

maximum value of 1.0.
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Statistical Analysis

Prior to statistical analyses, normality of all drug-treated and control groups was checked 

using the Shapiro-Wilk test. For both constant and dynamic shear stress experiments, we 

calculated the differences in PAS between 0 and 10 min, ΔPAS, which was then compared 

between drug-treated and untreated (control) platelets. Depending on the normality of the 

data, either parametric or non-parametric (Kruskal-Wallis) one-way ANOVA was performed, 

with the Holm-Sidak or Dunn’s post hoc tests, respectively, to compare the ΔPAS for the 

different groups tested. For all cases, significance was achieved for p < 0.05. Results are 

presented as the mean ± standard error of the mean (S.E.M.), unless otherwise stated. All 

statistical analyses were performed using Sigmaplot 11.0 (Systat Software, San Jose, CA).

In addition, the shape of the PAS curve over a 10 min exposure time is described. A linear 

response shows that the PAS rate, or change in PAS over time, is steady over the exposure 

duration. A convex behavior shows that the PAS rate increases with respect to time during 

the exposure, whereas a concave behavior shows a slowdown in the PAS rate over the 10 

min duration. In all experiments, there is no decrease in PAS from the start of the 

experiment, and thus the rate of PAS is always positive.

Results

Platelet Activation Due to Constant and Device-Related Shear Stress

Prior to examining antiplatelet drug efficacy on shear-medicated platelet activation, we 

observed the response of platelets to constant and device-related dynamic shear stress 

waveforms. Exposure to 30 dyne/cm2 linearly increased the PAS over 10 min, to ΔPAS of 

0.44 ± 0.03 (Fig. 2A, n = 38), whereas platelets exposed to 70 dyne/cm2 responded in a 

concave manner, resulting in ΔPAS of 0.83 ± 0.02 (Fig. 2A, n = 24). Similar behavior was 

observed for platelets exposed to dynamic shear stress waveforms extracted from DeBakey 

cfVAD simulations. A convex activation response was observed for platelets sheared with 

the 30th percentile waveform, yielding ΔPAS of 0.54 ± 0.04 (Fig. 2B, n = 14), whereas a 

concave behavior was observed for exposure to the 50th percentile waveform, with ΔPAS of 

0.82 ± 0.04 (Fig. 2B, n = 11).

Effect of Aspirin on Sheared Platelets

Confirming our previous observations [24], platelets pre-treated with 25 and 125 µM ASA, 

followed by constant shear exposure to 30 dyne/cm2 for 10 min, showed a significant 

reduction in the ΔPAS for both ASA concentrations when compared to control (Fig. 3A, n = 

14, p < 0.05). This corresponds to a 46.7% and 32.1% reduction in ΔPAS after 25 and 125 

µM ASA pre-treatment, respectively. However, no significant reduction was observed for the 

70 dyne/cm2 condition (Fig. 3B, n = 11, p > 0.05). Similarly, platelets treated with 125 µM 

ASA and exposed to the 30th percentile DeBakey cfVAD waveform showed a 35.6% 

reduction in ΔPAS compared to untreated platelets (Fig. 3C, n = 12, p < 0.05), In contrast, 

no significant reduction was observed for 25 µM ASA-treated platelets after 30th percentile 

shear stress waveform exposure (Fig. 3C, n = 10, p > 0.05). Furthermore, ASA treatment 

had no effect on platelets exposed to the 50th percentile shear stress waveform (Fig. 3D, n = 

12, p > 0.05). Platelets exposed to either the 30 dyne/cm2 constant shear stress condition or 
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the 30th percentile dynamic cfVAD waveform showed a convex PAS behavior with respect to 

exposure time, whereas concave behavior was observed for the 70 dyne/cm2 constant shear 

condition and 50th percentile dynamic VAD waveform condition.

Role of Phosphodiesterase Inhibitors on Sheared Platelets

Pre-treatment with 5 µM DP yielded a 61.0% reduction in ΔPAS for platelets exposed to 30 

dyne/cm2 for 10 min (Fig. 4A, n = 6, p < 0.05). Reductions observed for platelets pre-treated 

with 10 and 25 µM DP and exposed to 30 dyne/cm2 were non-significant (n = 6, p > 0.05). 

No differences were observed between the DP-treated platelets and control after 10 min 

exposure to the 70 dyne/cm2 (Fig. 4B, n = 7, p > 0.05), 30th percentile (Fig. 4C, n = 6, p > 

0.05), or 50th percentile (Fig. 4D, n = 4, p > 0.05) shear stress waveforms, potentially due to 

a small sample size.

Pre-treatment with DP at all concentrations yielded a convex behavior in ΔPAS during shear 

exposure. Platelets treated with 100 µM pentoxifylline showed ΔPAS reductions of 29.6% 

and 27.0% after 10 min exposure to 30 dyne/cm2 (Fig. 5A, n = 9, p < 0.05) and the 30th 

percentile waveform (Fig. 5C, n = 9, p < 0.05), respectively. For both of these cases, ΔPAS 

increased in a convex manner during exposure. However, no significant difference was 

observed between the controls and pentoxifylline-treated platelets after 10 min exposure to 

the 70 dyne/cm2 (Fig. 5B, n = 6, p > 0.5) and 50th percentile (Fig. 5D, n = 6, p > 0.05) 

waveforms, with concave ΔPAS behavior observed for both. A slight, non-significant 

increase was observed in the PAS of the pentoxifylline-treated platelets compared to the 

control after 2 and 5 min of exposure to the 70 dyne/cm2 and 50th percentile waveforms.

A clear difference emerged between control and 50 µM cilostazol-treated platelets for both 

constant shear stress conditions, as well as the 30th percentile waveform. Cilostazol-treated 

platelets exposed to 30 dyne/cm2 showed an 18.4% reduction in ΔPAS after 10 min (Fig. 

6A, n = 8, p < 0.01), whereas those sheared at 70 dyne/cm2 yielded a 36.8% decrease (Fig. 

6B, n = 7, p < 0.01). In addition, exposure of drug-treated platelets to the 30th percentile 

waveform resulted in an 11.8% ΔPAS reduction after 10 min (Fig. 6C, n = 6, p < 0.01). No 

significant change was noted for cilostazol-treated platelets as compared to the control after 

exposure to the 50th percentile waveform (Fig. 6D, n = 7, p > 0.05), potentially due to a 

small sample size, and a convex activating behavior was observed over the duration of the 

experiments for all shear exposures. It is important to note here that 50 µM cilostazol was 

the only drug that yielded a significant reduction in ΔPAS after exposure to 70 dyne/cm2 for 

10 min, and that reduction in ΔPAS for drug-treated platelets as compared to the untreated 

controls was more apparent at higher constant and dynamic shear stress exposures.

Effect of GPIIb–IIIa Inhibitor on Sheared Platelets

Treatment with 0.25 µg/ml eptifibatide yielded significant ΔPAS reductions of 45.8% and 

52.7% after 10 min exposure to 30 dyne/cm2 (Fig. 7A, n = 6, p < 0.05) and the 30th 

percentile waveform (Fig. 7C, n = 11, p < 0.001), respectively, compared to the controls. 

However, eptifibatide treatment was ineffective after exposure to 70 dyne/cm2 (Fig. 7B, n = 

7, p > 0.05) or the 50th percentile waveform (Fig. 7D, n = 6, p > 0.5). A convex ΔPAS 

response was observed during shear exposure for the 30 dyne/cm2 and 30th percentile 
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experiments, whereas a concave response was observed for the 70 dyne/cm2 exposure. 

Eptifibatide-treated platelets exposed to the 50th percentile waveform yielded a convex 

activation response for the first 5 min, and was linear thereafter.

A summary of the percentage reductions in 10 min PAS is provided in Figure 8. All 

reductions were calculated with respect to the non-drug treated sheared vehicle control for 

the respective drug treatments.

Discussion

Antithrombotic therapy aimed at limiting VAD thrombosis in clinical use today has largely 

been developed empirically. As for most cardiovascular implants, e.g. prosthetic heart 

valves, clinical consideration and the approach to pharmacologic regimen formulation 

begins with and reflects thinking based upon traditional concepts such as Virchow’s triad 

[36, 38], which recognizes that some imbalance in blood inflammatory state or pro-

thrombogenicity, coupled with an altered endothelial or foreign blood-contacting surface and 

altered flow leads to platelet and zymogen activation. This approach continues to generate 

clinical anti-thrombotic regimens employing well-accepted, though conventional, agents 

such as aspirin for anti-platelet effects and warfarin as an anti-coagulant. Unfortunately, 

utilization of this simple strategy for cfVADS has significantly fallen short, with notable and 

persistent thrombotic event rates continually being reported [1]. Further, a simple increase or 

modulation of current drug regimens conversely has led to higher rates of bleeding [39]. 

This is further exacerbated by the acquired von Willebrand syndrome imparted by cfVAD 

supra-physiological shear, resulting in loss of high molecular weight multimers, leading to 

further increased bleeding risk [40–42]. Attempting to balance this by mere reduction of 

anti-coagulant and anti-platelet dosing has led to increased clotting in cfVADs, as 

highlighted by recent findings of persistent and greater cfVAD thrombosis being reported 

[23, 43]. As such, conventional pharmacotherapy has focused on tackling the “symptoms” of 

device-associated thrombosis, rather than addressing a significant root cause – namely the 

paucity of understanding on anti-platelet and anti-coagulant drug activity under dynamic, 

high shear flow conditions, and conversely the relative unbalanced role of elements of 

Virchow’s triad in the case of MCS and cfVADs – i.e. the disproportionate and dominant 

role of hypershear as driving platelet activation in the free flow of blood passing through 

these devices [7]. In this study, we aimed to enhance our understanding of drug effectiveness 

in modulating shear-mediated platelet activation, through systematic exposure of anti-

platelet agent-treated platelets to a variety of shear stress conditions and examining their 

response to this mechanical dosing. Herein we have found, similar to our initial reported 

observations with aspirin [24], that most conventional anti-platelet agents, i.e. the ones tested 

herein, have limited efficacy in modulating or limiting shear-mediated platelet activation.

Exposure to VAD-associated shear stresses

In this study we used both pre-defined constant shear stress waveforms, as well as those 

derived from numerical simulations of a clinical cfVAD (DeBakey), representing the 

dynamic nature of flow in such devices. It is important to note that such parametric studies 

on the efficacy of a variety of anti-platelet drugs under fluid shear stress conditions have not 
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been previously published. ASA efficacy in reducing thrombin generation was first 

examined at the device level in a flow loop incorporating a DeBakey cfVAD [25]. Platelets 

treated with ASA and circulated for 30 min through the cfVAD showed 28% and 25% 

reduction in thrombin generation after direct treatment and 2 h after ingestion by healthy 

subjects, respectively. However, this approach required large blood donations and therefore a 

reduction in the number of parametric studies that could be performed. Parametric shear-

based studies were first performed in a follow-up in vitro study by exposing platelets pre-

treated with ASA to both constant and dynamic, device-related shear stresses, and measuring 

the time-varying thrombin generation [24]. These shear stress conditions have also been 

utilized in the present study. Constant shear stresses ranging from the physiological 1 

dyne/cm2 to the pathological 70 dyne/cm2 were imposed for up to 10 min to examine 

activation due to both the magnitude of shear exposure, as well as the shear stress-exposure 

time dose. However, flow conditions in VADs are typically dynamic, disturbed, and 

pathologic, and therefore, platelets were exposed to representative shear stress waveforms 

extracted from numeric simulations of the DeBakey cfVAD [27]. These representative shear 

stress waveforms have their magnitudes scaled to the operating parameters of the 

Hemodynamic Shearing Device, but retain the dynamic shear stress rate profile of the 

original extracted waveforms. Thus, we are able to test efficacy of a variety of anti-platelet 

agents to device-specific shear stress histories.

Reduced efficacy of direct-acting antiplatelet drugs under shear

In this study we purposely examined conventional anti-platelet agents, as they are routinely 

employed and presently accepted for use by the cardiovascular therapeutic community, in 

the pharmacotherapy for cardiovascular disease patients with implanted therapeutics devices, 

including VADs. These included three classes of target or pathway inhibitors: COX (ASA), 

phosphodiesterase (DP, pentoxifylline, cilostazol), and GPIIb–IIIa (eptifibatide). The study 

was restricted to direct-acting conventional agents to avoid the need for metabolic activation 

of a prodrug. While the differing drugs tested had varying degrees of effectiveness in 

suppressing platelet activation under physiological constant shear stress (30 dyne/cm2) or 

mild stress accumulation after passing through a DeBakey cfVAD (30th percentile), only 

cilostazol showed a mildly effective reduction in platelet activation at supra-physiological 

shear stress (70 dyne/cm2). However, none of the drugs tested effectively reduced platelet 

activation after 10 min exposure to the median shear stress conditions encountered with each 

passage through the DeBakey cfVAD (50th percentile). This indicates that the direct-acting 

drugs tested are unlikely to individually inhibit platelet activation during repeated passages 

through VADs. There are more powerful antagonists (i.e. the P2Y12 antagonists clopidogrel 

and ticagrelor) with promising levels of effectiveness, but they either require metabolism or 

are beyond the scope of the conventional agents examined in this study and are rarely 

utilized clinically in the cfVAD patient population.

Efficacy of cilostazol under device-associated shear conditions

Cilostazol selectively inhibits the PDE 3 pathway by preventing the conversion of 

aggregation regulator cyclic adenosine monophosphate (cAMP) into 5’-AMP, thereby 

reducing thromboxane A2 production, leading to reversible aggregation inhibition induced 

by several biochemical agonists and shear stress [30]. A previous investigation of the effect 
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of cilostazol on shear-induced platelet aggregation showed significantly reduced aggregation 

for 100 µM cilostazol-treated platelets exposed to a variable shear stress waveform (6–108 

dyne/cm2 over a 5 min period) [44]. Furthermore, exposure of cilostazol-treated whole blood 

to collagen-treated surfaces at shear rates of 1500 s−1 generated thrombi with reduced 

heights without prolonging bleeding time [45]. Our observations of substantially reduced 

activation of cilostazol-treated platelets confirm that the PDE 3 inhibition is preserved under 

both constant and dynamic device-related conditions. However, the FDA has contraindicated 

the use of cilostazol for patients with any degree of heart failure [46, 47]. Thus, while our 

study shows a promising degree of platelet activation reduction in response to device-

associated shear stress conditions, we do not recommend its use for antiplatelet therapy in 

advanced heart failure cfVAD recipients.

Mechanisms Operative in Shear-Mediated Platelet Activation, New targets and Future 
Perspectives

Our results suggest and are consistent with growing evidence that shear-mediated platelet 

activation involves additional mechanistic pathways, not primarily targeted by current 

pharmacologic agents [7]. Our results suggest that, at least for the level of inhibition 

imparted by the inhibitors tested, pathways and targets such as thromboxane and 

prostacyclin synthesis and COX [48, 49], cyclic nucleotide PDE and adenosine uptake [50], 

PDE 2, 3 and 5 [15, 50] and GPIIb–IIIa activation and ligand binding [50] may have a 

limited or partial mechanistic role in mediating and modulating the response to shear.

Several additional drugs have been proposed to address the shortcomings of the conventional 

antiplatelet drugs under VAD-associated conditions and warrant further study. The P2Y12 

antagonists ticagrelor, cangrelor, and 2-MeSAMP have previously shown promise under low 

shear conditions [51]. Apyrase (CD39) has been considered as an inhibitor for ADP-induced 

activation, although this antagonist has shown limited efficacy under low shear conditions 

[51]. The phosphoinositide 3-kinase inhibitor TGX-221 has emerged as a potential 

alternative to GPIIb–IIIa inhibitors, demonstrating reduced aggregation and beta 

thromboglobulin release in extracorporeal circulation [52]. The efficacy of these agents has 

yet to be tested under the dynamic, hypershear milieu experienced in cfVADs and will be 

examined in future studies.

In contrast to pharmacologic targets, recent work has suggested that cell mechanobiological 

parameters such as cell stiffness [53], membrane fluidity [7, 54] and platelet membrane lipid 

composition [55] are vital in transduction of shear force signaling into the platelet, leading to 

activation. Further, recent work has shown that additive damage to the platelet membrane 

[56], most notably the high frequency components of shear [57] are key mechanistic 

components and potential targets, to limit mechano-destructive activity leading to platelet 

activation, the generation of exposed pro-thrombotic platelet membrane surfaces, all 

facilitating residence and activation of the X-IX-V complex driving thrombosis [58, 59].

The present study demonstrating limited efficacy of the drugs tested, coupled with the 

mechano-biological observations discussed, point out the need to direct efforts for agent 

development aimed at new and differing targets. Specifically, opportunity exists for 

development of agents that are shear-limiting, shear-modulating, or otherwise inhibitory of 
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shear-imparted effects on the platelet. Several broad classes of target mechanisms for shear-

imparted effects identified in recent studies include: (1) mechano-destruction, or repetitive 

additive damage exceeding a threshold, which may lead to an influx of activating mediators 

[34, 57, 60]; (2) mechano-activation, involving recruitment and activation of shear-sensitive 

channels and pores, allowing influx of specific activators [61]; and (3) mechano-transduction 

involving shear sensing and transduction via a range of biochemical-linkage pathways – 

involving transmembrane proteins beyond GPIb and GPIIb–IIIa pathways, the platelet 

membrane, sub-membrane assemblies, actin filaments and microtubules [62, 63].

Abrupt increases in cfVAD thrombosis were reported in 2014 [22, 23], with subclinical 

hemolysis suspected as the underlying cause. Recent studies have proposed mechanisms for 

this effect, including the platelet activating role [64] and protective effect [65] of 

erythrocyte-derived plasma-free hemoglobin on von Willebrand factor (vWF) degradation, 

which is counterintuitive to the observed vWF degradation and subsequent bleeding 

observed in cfVAD patients [66]. Thus, elucidating mechanisms protecting erythrocytes 

from mechanical destruction are another potential avenue for therapy.

Recent work from our group has demonstrated that modulation of platelet mechanical 

parameters holds promise in limiting shear-mediated platelet activation [7], leading to the 

advent of a new class of compounds termed “mechano-ceuticals,” i.e. agents which directly 

alter cellular mechanical properties, not acting as conventional pharmacologic agents or 

secondary messengers [67].

Limitations of the present study

In this study, we used gel-filtered platelets (GFP) at a diluted concentration (20,000 per µl) 

to observe the direct effects of shear stress and antiplatelet drug modulation on platelet 

activation. The use of purified platelets at a reduced concentration eliminated thrombin 

activity effects due to platelet-platelet collisions and cross-talk observed in prior studies 

[31]. Furthermore, our approach eliminated activation due to platelet diffusivity and 

margination through interactions with red blood cells (RBCs) [68], as well as platelet 

agonists, such as ADP and LDH, released during hemolysis [69]. Whole blood also contains 

plasma proteins, such as fibrinogen and von Willebrand factor, which contribute to platelet 

activation. Under shear stress, the proteins participate in platelet aggregation, making 

observation of bulk platelet activation difficult. In addition, gel filtration eliminates other 

proteins and ions, such as prothrombin, FXa and Ca2+, which participate in the common 

pathway of platelet activation. However, our modified prothrombinase-based assay protocol 

re-introduces these constituents, including an acetylated form of prothrombin, for proper 

generation of modified thrombin that can be quantified rapidly and is useful for time-course 

assays of shear-mediated platelet activation [32, 37]. We have chosen to use the 

prothrombinase-based PAS assay as it provides a sensitive, near real-time measurement of 

bulk thrombin measurement in response to a variety of agonists, including shear stress. 

However, this approach does not give indications of platelet-specific functional and 

molecular changes, such as surface receptor expression and fibrinogen binding, nor adhesion 

or aggregation behavior post-shear exposure. While past studies by our group have shown a 

strong correlation between PAS activity and P-selectin [70] or Annexin V [71] response 
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under shear stress, the expression of these and other flow cytometric markers, as well 

adhesion and aggregation activity, under the specific conditions evaluated in this study 

warrant further attention.

The use of small sample sizes in several of the experiments may have yielded inadequate 

power to yield significance, with a possibility of type II statistical error. This may be 

observed particularly for the 10 min PAS results of the 50th percentile exposure of 

dipyridamole- and cilostazol-treated platelets (Figure 8). However, it is important to note 

that the average mean reductions in PAS at the higher constant and dynamic device-related 

shear stress exposures are lower than those at lower constant and dynamic shear stress 

exposures, suggesting lower efficacy at device-associated conditions. In addition, we did not 

analyze the 5 min PAS values, some of which may be significant with respect to the control, 

as our emphasis was on repeated exposure to both constant and dynamic shear stress 

conditions, and thus we focused on the endpoints of the experiments.

Conclusions

While conventional anti-platelet agents, such as those tested herein, are often prescribed as 

part of the pharmacotherapy of cfVAD recipients, when scrutinized under systematic and 

controlled constant and device-related shear stress conditions their effectiveness in 

preventing or modulating shear-mediated platelet activation appears limited. Some of these 

agents may be effective under low shear stresses or less damaging passages through cfVADs, 

and significant reductions in platelet activity may not have been achieved due to smaller 

sample sizes. However, of all the anti-platelet agents tested in this study, only the 

phosphodiesterase-3 inhibitor cilostaszol demonstrated partial effectiveness in limiting 

shear-mediated platelet activation under supra-physiologic, constant shear stress conditions, 

but ultimately failed when tested at median cfVAD-associated dynamic shear stress patterns. 

Furthermore, these drugs are associated with the propensity for bleeding in cfVAD patients. 

Our in vitro results, coupled with persistently reported cfVAD thrombosis rates and 

complications, suggest the need for the discovery and development of new classes of drugs 

that are especially designed to tackle shear-mediated thrombosis in cfVAD patients, while 

reducing or eliminating the risk of bleeding.
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Highlights

• Direct-acting antiplatelet drugs targeting COX, PDE, and GPIIb–IIIa have 

limited efficacy in modulating shear-mediated platelet activation under both 

constant and dynamic levels of elevated shear stresses experienced in cfVADs

• The PDE 3 inhibitor cilostazol significantly reduces platelet activation under 

elevated constant and mildly dynamic shear stresses, but is ineffective under 

median cfVAD-associated shear patterns

• A clear need exists for the development of a new class of anti-platelet drugs 

able to modulate shear-mediated platelet activation at supraphysiologic shear 

stress levels associated with mechanical circulatory support devices such as 

cfVADs
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Fig. 1. Exposure of drug-treated platelets to constant and dynamic device-related shear stress
Gel-filtered platelets (GFP) were treated with a drug selected from one of three classes and 

exposed to either a constant or dynamic shear stress waveform, representative of a trajectory 

through a DeBakey cfVAD, in a Hemodynamic Shearing Device for 10 min.
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Fig. 2. Platelet activation due to constant and dynamic device-related shear stress
Normalized PAS, a measure of platelet activation, was quantified for A) constant and B) 

cfVAD-related shear stress exposure in a Hemodynamic Shearing Device.
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Fig. 3. Effect of aspirin (ASA) on sheared platelets
GFP were pre-treated with 25 and 125 µM ASA, and their PAS measured during exposure to 

constant shear stresses of A) 30 dyne/cm2 and B) 70 dyne/cm2, as well as waveforms 

representing the C) 30th and D) 50thpercentiles of all shear stress trajectories passing 

through a DeBakey cfVAD. PAS for ASA-treated GFP was compared to non-drug control 

after 10 min.
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Fig. 4. Effect of dipyridamole (DP) on sheared platelets
GFP were pre-treated with 5, 10, and 25 µM DP, and their PAS measured during exposure to 

constant shear stresses of A) 30 dyne/cm2 and B) 70 dyne/cm2, as well as waveforms 

representing the C) 30th and D) 50th percentiles of all shear stress trajectories passing 

through a DeBakey cfVAD. PAS for DP-treated GFP was compared to non-drug control 

after 10 min.
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Fig. 5. Effect of 100 µM pentoxifylline on sheared platelets
PAS for pentoxifylline-treated GFP was measured during exposure to constant shear stresses 

of A) 30 dyne/cm2 and B) 70 dyne/cm2, as well as waveforms representing the C) 30th and 

D) 50thpercentiles of all shear stress trajectories passing through a DeBakey cfVAD. PAS for 

pentoxifylline-treated GFP was compared to non-drug control after 10 min.
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Fig. 6. Effect of 50 µM cilostazol on sheared platelets
PAS for cilostazol-treated GFP was measured during exposure to constant shear stresses of 

A) 30 dyne/cm2and B) 70 dyne/cm2, as well as waveforms representing the C) 30thand D) 

50thpercentiles of all shear stress trajectories passing through a DeBakey cfVAD. PAS for 

cilostazol-treated GFP was compared to non-drug control after 10 min.
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Fig. 7. Effect of 0.25 µg/ml eptifibatide on sheared platelets
PAS for eptifibatide-treated GFP was measured during exposure to constant shear stresses of 

A) 30 dyne/cm2 and B) 70 dyne/cm2, as well as waveforms representing the C) 30th and D) 

50th percentiles of all shear stress trajectories passing through a DeBakey cfVAD. PAS for 

eptifibatide-treated GFP was compared to non-drug control after 10 min.
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Fig. 8. Summary of antiplatelet drug efficacy on sheared platelets
The percentage reduction in drug-treated sheared platelet activation over the 10 min 

experimental duration, ΔPAS, was compared to untreated sheared controls.
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