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ABSTRACT  

 Approximately 7.5 million patients in the US currently suffer from end-stage heart failure. 

The FDA has recently approved the designations of the Thoratec HeartMate II ventricular assist 

device (VAD) for both bridge-to-transplant (BTT) and destination therapy (DT) due to its 

mechanical durability and improved hemodynamics. However, incidence of pump thrombosis and 

thromboembolic events remains high, and the life-long complex pharmacological regimens are 

mandatory in its VAD recipients. We have previously successfully applied our Device 

Thrombogenicity Emulation (DTE) methodology for optimizing device thromboresistance to the 

Micromed Debakey VAD, and demonstrated that optimizing device features implicated in 

exposing blood to elevated shear stresses and exposure times significantly reduces shear-induced 

platelet activation and significantly improves the device thromboresistance. In the present study, 

we compared the thrombogenicity of the FDA-approved HeartMate II VAD with the DTE-

optimized Debakey VAD (now labeled HeartAssist 5). With quantitative probability density 

functions (PDF) of the stress accumulation along large number of platelet trajectories within each 

device which were extracted from numerical flow simulations in each device, and through 

measurements of platelet activation rates in recirculation flow loops, we specifically show that: (a) 

Platelets flowing through the HeartAssist 5 are exposed to significantly lower stress accumulation 

that lead to platelet activation than the HeartMate II, especially at the impeller-shroud gap regions 

(b) Thrombus formation patterns observed in the HeartMate II are absent in the HeartAssist 5 (c) 

Platelet activation rates (PAR) measured in vitro with the VADs mounted in recirculation flow-

loops show a 2.5-fold significantly higher PAR value for the HeartMate II. This head to head 

thrombogenic performance comparative study of the two VADs, one optimized with the DTE 

methodology and one FDA-approved, demonstrates the efficacy of the DTE methodology for 
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drastically reducing the device thrombogenic potential, validating the need for a robust in silico/in 

vitro optimization methodology for improving cardiovascular devices thromboresistance. 

INTRODUCTION 

 The number of patients suffering from cardiovascular diseases grows annually, and 

approximately 2% of the United States population (~5.7 million) are diagnosed with congestive 

heart failure (CHF) with a projected 25% of increase in their number by 2030 [1]. Mechanical 

circulatory support (MCS) devices, such as total artificial hearts (TAHs) or ventricular assist 

devices (VADs) were introduced as a bridge-to-transplant (BTT) to sustain eligible patients while 

waiting for available heart transplants [2, 3]. Owing to insufficient amount of eligible organs for 

heart transplant annually [4], the Food and Drug Administration (FDA) approved the use of one 

of the more hemodynamically and mechanically robust VADs, the Thoratec HeartMate II VAD 

(HMII; Thoratec Corp., Pleasanton, CA), for destination therapy in 2010 [5, 6]. 

 Prior to the HeartMate II, various VADs were developed and introduced to the market 

broadly under the following two categories: pulsatile-flow (i.e. the first generation pulsatile VADs), 

and continuous-flow (i.e. the second generation axial VADs and the third generation centrifugal 

VADs) [7, 8]. Due to their relatively simpler mechanics, the continuous-flow VADs provide higher 

durability and require smaller implantation volume than the pulsatile-flow VADs. In the 

continuous-flow VADs, the blood is constantly propelled out from the apex of the left ventricle by 

a turbine, and returned to the ascending aorta. In order to generate physiological cardiac outputs, 

those continuous-flow VADs operate at very high impeller speeds (7,000 to 12,000 RPM), which 

generates unusually high shear stress levels in some locations like the impeller-shroud gaps and 

regions of elevated residence time in the rear (inlet) and front (outlet) hubs. These high stress 

accumulation regions may potentially cause damage to the blood cells flowing through the device 
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(e.g. hemolysis of RBCs and activation of platelets has been reported) [9, 10], which may lead to 

various post-implant complications, such as flow-induced platelet activation, aggregation, and 

subsequent thromboembolic complications or complete device obstruction/malfunction due to 

thrombus formation [11-14]. Due to these post-implant complications, device recipients are 

mandated to life-long antiplatelet and anticoagulation regimens, which lead to secondary 

complications such as heparin-induced thrombocytopenia or several bleeding incidents [15-18]. In 

order to reduce or eliminate the administration of the antiplatelet or anticoagulation regimens, 

modifying the geometrical features of the VADs implicated in higher stress accumulation by 

applying the Device Thrombogenicity Emulation (DTE) methodology in order to reduce the device 

thrombogenic potential has shown to be a very promising approach, and is briefly described below 

[11, 19, 20]. 

 Our group had successfully optimized the thrombogenic performance of an axial 

continuous-flow VADs, the modern MicroMed DeBakey VAD (DeBakey; MicroMed 

Cardiovascular, Inc., Houston, TX). The optimized version of the device called MicroMed 

HeartAssist 5 VAD (HA5; MicroMed Cardiovascular, Inc., Houston, TX) shows an order of 

magnitude reduction in flow-induced thrombogenicity in vitro [11] and markedly improved benefit 

over Aspirin or Dipyridamole addition in vitro [20]. The DTE methodology interfaces numerical 

(in silico) flow simulations with in vitro experiments performed in a hemodynamic shearing device 

(HSD), which replicates stress-time data extracted from problematic regions of the device, to 

perform iterative optimization of the device thrombogenic potential [11, 19, 21]. This in silico/in 

vitro methodology can potentially reduce the research and development costs of developing 

thromboresistant Mechanical Circulatory Support (MCS) devices by reducing the need for costly 

in vivo experimentation prior to the device approval by the FDA. As mentioned previously, the 
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HMII is currently the only FDA approved continuous-flow VAD for both BTT and DT- it has been 

widely implanted worldwide [2, 3, 5, 6]. However, HMII recipients still require long-term/life-

long anticoagulation or antiplatelet regimens, yet not eliminating post-implant bleeding or 

thrombotic complications [17, 22, 23]. For instance, in approximately 6% of HMII recipients’ 

device thrombosis was reported which lead to replacement of the implanted device with associated 

morbidities [12-14, 24]. Given this high incidence of thrombotic complications rates, it is judicious 

to compare this FDA-approved VAD (HMII) currently in clinical use with a similar device which 

thrombogenicity has been optimized such as the HA5 VAD [11].  

The weight of HMII is approximately 3-fold that of HA5 (i.e. 281 g compared to 92 g 

respectively), with approximately 2.3-fold larger external volume (i.e. approx. 117,628 mm3 and 

50,187 mm3 of HMII and HA5, respectively) (Figure 1 A-i and B-i for HMII and HA5, 

respectively). Due to the smaller dimension and lighter weight, the HA5 offers significant benefits 

of implanting the HA5 in the pericardial space while the HMII has to be implanted below the 

diaphragm. Due to the design differences of the interior components between these two VADs, the 

HA5 has slightly larger fluid volume capacity than the HMII (5.55 ml and 5.80 ml of fluid in the 

HMII and HA5 respectively, from the inlet tip of the flow straightener to the exit tip of the diffuser 

(Figure 1 A-ii and B-ii for HMII and HA5, respectively)). This implies that the HA5 may consume 

less energy and operate at a lower impeller speed – to generate identical cardiac output (CO) as 

compared to the HMII.  

 In the present study, we compared the thromboresistance of the DTE-optimized HA5 VAD 

with that of the FDA-approved HMII VAD– both numerically and experimentally. In the 

numerical simulations, we extracted and compared the probability density function (PDF; serves 

as the ‘thrombogenic footprint’ of the device) of the stress accumulation (SA) of large number of 
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platelets flowing through both VADs. We also performed device in vitro flow-loop experiments 

under physiologically representative conditions and measured the shear-induced platelet activation 

rates (PAR) of both VADs with recirculating human purified platelets. We then identified 

thrombus-prone locations from prior clinical studies in the HMII (explanted VADs) and utilized 

results from our numerical simulations to extract stress-time trajectories for individual platelets 

exposed to those locations to explain the clinical findings of the thrombus formation patterns 

observed in the HMII [12-14].  

MATERIALS & METHODS 

Ventricular Assist Devices  

 Extensive numerical simulations were conducted in the two VADs: Thoratec HeartMate II 

(HMII, Figure 1 (A – i); Thoratec Corp., Pleasanton, CA) and MicroMed HeartAssist 5 (HA5, 

Figure 1 (B – i); MicroMed Inc., Houston, TX). In axial turbine design blood pumps, the blood 

flowing through axial VADs is driven by the rotational impellers, which are actuated by 

electromagnetic motors as shown in the Figure 1 (A & B). As mentioned previously, the HA5 is 

the optimized design of the modern DeBakey VAD with the following specific design 

modifications – the four original orthogonal flow straightener blades were replaced with three 

blades design, 120o apart, the rear (inlet) and front (outlet) hubs had been streamlined, and the 

impeller blade leading edge, profiles, length, pitch and pitch-angle were modified [11]. While both 

HMII and HA5 share overall similar design features, they differ in their design as marked in the 

Figures 1 (HMII: (A – ii); HA5: (B – ii)): (a) The flow straighteners consist of three stationary 

blades, 120o radially apart, straightening the incoming blood flow along the axial direction. 

Numerous twisted magnetic impeller blades attach on the impeller surfaces of each VAD (3 and 6 

impeller blades for HMII and HA5, respectively. (b) A marked difference in the design of the two 
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devices is the spinning direction of their impellers: counterclockwise and clockwise directions for 

HMII and HA5, respectively. (c) Downstream of the impellers both VADs have a stationary 

diffuser, which incorporates numerous twisted diffuser blades (HMII and HA5 have 3 and 6 

diffuser blades, respectively) to redirect the blood outflow from the circumferential direction back 

to the axial direction while exiting the devices.  

Numerical Simulation of Flow through VADs 

 The thrombogenic potential of both VADs were numerically computed using fluid 

structure interaction (FSI) simulations incorporating two-phase flow consisting of a particulate 

phase (platelets) suspended in blood flowing through the VADs under constant cardiac output of 

4 L/min. Highly refined meshes were generated with the commercial mesh generator Gambit 

(Ansys Fluent Inc., Lebanon, NH). Studies of mesh independence were conducted with various 

mesh densities for each VAD ‒ 9, 13 and 19×106 elements for the HA5, and 12, 13 and 17×106 

elements for the HMII. After establishing mesh independence in both VADs numerical meshes, 

an optimized grid density of ~9 million elements was determined for the HA5 and ~17 million 

elements for the HMII. These numerical flow simulations were computed using parallel processing 

via a multiprocessor Linux server (OS: CentOS 6.4) using up to 30 cores, and the eventual 

simulation time for each flow simulation was approx. 4 months. 

 The Fluent CFD solver (Ansys Fluent Inc., Lebanon, NH) was utilized for conducting Fluid 

Structure Interaction (FSI) simulations, with the rotating impellers propelling the blood through 

the VADs, using the two equation k-ω turbulence model for solving Unsteady Reynolds Averaged 

Navier-Stokes (URANS) for 30 and 27 impeller revolutions for the HMII and HA5, respectively 

[11]. Blood was modeled as two-phase Newtonian fluid with viscosity of 0.0035 kg/m-s and 

density of 1,081 kg/m3, with platelets assumed as neutrally buoyant solid 3 µm diameter spherical 
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particles (density: 998.2 kg/m3). This two-phase flow model takes into account the particle-fluid 

interactions (drag, lift and Basset forces, as well as turbulent fluctuations), as previously described 

[11, 25]. The volumetric mesh elements surrounding the impeller region of both VADs were 

modeled as rotational volumetric mesh with its axis aligned along the flow direction. The 

volumetric meshes at the other regions of both VADs' geometries were modeled as stationary 

meshes. Mesh interfaces were applied on the surfaces between the moving and stationary meshes 

(Figure 2 A-i and B-i for HA5 and HMII, respectively). The rotational direction and speed of the 

impeller of each VAD were set (HMII: 10,000 RPM, counterclockwise; HA5: 9,000 RPM, 

clockwise) corresponding to the operating conditions of each VAD when implanted in patients so 

that both VADs generate the same physiological CO of 4 L/min. These parameters, i.e. RPM and 

CO, also correspond to the operating conditions of the VADs in the in vitro recirculation 

experiments (described later). Mass flow rate of 0.07 kg/s (corresponding to this CO) was applied 

at both VADs as the inlet boundary condition, and outlet pressure boundary condition applied 

initially at 0 Pa. Approximately 32,000 and 31,000 platelets were seeded at the upstream planes of 

the HA5 and HMII, correspondingly (Figure 2 (A – ii) & (B – ii) for HA5 and HMII, respectively). 

An optimized time step of 7×10-5 s was determined for both VADs as previously described [11], 

resulting in the corresponding degrees of the rotating rotor position per time step of 3.78 and 4.2 

degrees for HA5 and HMII, respectively. Approx. 90% of the platelets have a residence time of 

less than 184 ms while flowing through the VADs. The stress loading history of the platelet 

trajectories flowing through these VADs ‒ stress accumulation (SA), were computed by 

incorporating the combined effect of shear stress and exposure time. In order to take into account 

the contribution of both the viscous and turbulent stresses (𝜏𝑖𝑗) in the SA formulation, we adapt a 

formulation for blood damage (platelet activation) which is based on a comparative stress theory 
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and is formulated for fluids in analogy to the von Mises yield criterion from damage theory for 

solid materials [26, 27]. It considers the six components of the general stress tensor, circumventing 

the issue of estimating directly the contribution of the turbulent Reynolds stresses by rendering the 

contribution of all the stress components of the stress tensor into a scalar which represents their 

contribution in an average sense. This is a common approach for estimating blood damage in 

turbulent flows. Similar approaches were previously applied by many other groups [28], as well 

as in many of our previous studies of platelet activation in devices [19, 21]. The stress tensor 

extracted from the simulation along the corresponding trajectories was rendered accordingly into 

a scalar stress value (σ) [26, 27] as follows:  

𝜎 =
1

√3
√𝜏11

2 + 𝜏22
2 + 𝜏33

2 − 𝜏11𝜏22 − 𝜏11𝜏33 − 𝜏22𝜏33 + 3(𝜏13
2 + 𝜏23

2 + 𝜏13
2 ) 

 The SA is computed by the summation of the linear product of this scalar stress (σ) and the 

exposure time (texp) which were extracted from each platelet trajectory [21, 29] as follows:  

𝑆𝐴 = 𝜎 × 𝑡𝑒𝑥𝑝 = ∫ 𝜎(𝑡)𝑑𝑡 =

𝑡𝑒𝑥𝑝

𝑡0

 

∑ 𝜎𝑖 × ∆𝑡

𝑁

𝑖=1

 

where σi, i = 1, 2,  ..., N, is the nodal scalar value extracted from the total stress tensor and Δt is 

the corresponding time step between successive nodal points. 

 The large number of stress accumulation (SA values) reached by each platelet along their 

corresponding trajectories while flowing through each VAD were collapsed into a probability 

density functions (PDF) to statistically represent the distribution of the SA of all trajectories in 

each VAD (the “thrombogenic footprint”). This facilitated the comparison between the two VADs. 

The comparisons were focused on two ranges of the PDF ‒ the main mode and the tail region. The 

main mode of PDF represents the mean SA value for most of the trajectories flowing through the 

device (bulk flow), and the tail region represents the distribution of the trajectories at the higher 
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and riskier SA range, which is prone to activate the platelets. The PDF comparisons for the two 

specific SA brackets (i.e. the main mode and the tail regions) were additionally performed at 

specific regions of interest (ROIs), as well as for the complete device for both the HA5 and HMII.  

 The PDFs for both VADs and for specific ROIs (specific ROIs corresponding to the flow 

straightener, inflow bearing, impeller-shroud gap, impeller blades, outflow bearing, and the 

diffuser (Figure 2 C and D for HMII and HA5, respectively)) were computed with an in-house 

C++ code that calculated the SA of the platelets in each ROI. The inflow and outflow bearing ROIs 

were defined as the regions between the blades of flow straightener, impeller and diffuser. The 

impeller blades ROI is defined by the region between the impeller blades, and the impeller-shroud 

gap ROI is defined as the annular region between the tip of the impeller blades and the shroud.  

Numerical Prediction of Thrombus Formation  

 From prior clinical observations in the explanted HMII VADs, device thrombosis occurred 

most commonly at the rear hub region and along the flow straightener blades [12-14, 30]. An in-

house code was used for analyzing the platelet trajectories extracted from both VADs simulations 

at these hub regions. The locations of the specific platelet trajectories were identified based on the 

elevated residence time of the trajectories.  

in vitro Platelet Activation Measurements in Recirculation Flow-loops  

 Both VADs were mounted in recirculation flow loops to generate the target physiologic 

cardiac output of 4 L/min, corresponding to impeller speeds of 9,000 and 10,000 RPM for the HA5 

and HMII, respectively, and the pressure head (ΔP), as illustrated in Figure 1C. The cardiac output 

of 4 L/min was chosen based on the most common clinical operating conditions for both devices. 

The impeller speeds for each VAD was determined according to the respective operating 

conditions required for generating the designated cardiac output of 4 L/min when mounted in the 
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flow-loop. The flow-loops consisted of two Tygon R3603 tubes connected as follows: (1) the 0.5 

inch ID flow tubes for connecting the VAD, and (2) 21 inch long and 0.25 in ID flow resistor 

tubing for generating a semi-physiological pressure rise across the pump of ~ 70-80 mmHg. (3) 

the 0.5 in VAD connecting flow tubes and 0.25 in central flow resistor tubing were connected with 

two tapered 0.5 in – 0.25 in reducing connectors, which were formed by adding in series two 

additional reducing connectors 0.5 in to 0.375 in and 0.375 in to 0.25 in (NovoSci, Conroe, TX) 

to avoid the sudden reduction or expansion of flow with the transition to the flow resistor. The 

total volume of the flow-loop, including the VADs, was 90 ml.  

Platelet Activation Measurements 

 Citrated blood (120 ml) was obtained from healthy adult volunteers (n = 10) who have 

abstained from all medication, including aspirin, for at least two weeks prior to blood donation, 

after obtaining written and informed consent (protocol approved by Stony Brook University IRB) 

prior to venipuncture. Gel-filtered platelets were prepared and diluted to a concentration of 

15×103/µl with modified Tyrode's buffer. 90 ml of platelets-buffer solution was recirculated in the 

flow-loop for 30 min as previously described [11]. The in vitro experiments in the HMII and HA5 

VADs were performed simultaneously using the same platelet batches. Thrombogenicity of both 

VADs was measured in timed samples extracted from the recirculation flow-loops at t = 0, 10, 20 

and 30 min, with our well established Platelet Activity State (PAS) assay [31] – which uses 

acetylated prothrombinase to prevent the positive feedback of thrombin for further activating 

platelets, thus offering a 1:1 correspondence with the agonist (shear stress). The platelet activity 

state was normalized in respect to the maximum thrombin generation of fully-activated platelets 

(achieved by sonicating the platelets) and reported at each time point for both VADs. The linear 

fitted slopes of the normalized PAS from timed samples represent the platelet activation rates 
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(PAR) during the 30 min experiments. A student's t-test was utilized to statistically analyze the 

differences of the PARs between both VADs, as previously described [11].  

RESULTS 

Overall Stress Accumulation (SA) for HA5 and HMII from the Numerical Simulations 

The global PDFs of HMII and HA5 VADs showed the following: (A) The main SA modes 

of both VADs populated a similar range – the mean SA for HMII and HA5 was 13.362 ± 15.887 

dyne sec/cm2 and 12.997 ± 12.418 dyne sec/cm2, respectively (Table 1); (B) Comparing the 

distribution of the SA at the tail regions of the PDFs indicated that platelets flowing through HMII 

have significantly higher probability to be exposed to a higher SA (range between 50-100 dynes 

sec/cm2) than the HA5 (Figure 3, inset). The mean SA in the tail region was 62.572 ± 14.659 dynes 

sec/cm2 and 60.711 ± 25.588 dyne sec/cm2 for HMII and HA5, respectively. 

Regions Specific (ROI) SA from the Numerical Simulations  

The PDFs of both VADs at the flow straightener ROI populated a similar low SA range 

(Table 1; mean SA: 0.694 ± 2.213 and 0.838 ± 2.742 dynes sec/cm2 for HMII and HA5, 

respectively) with a similar SA distribution of the PDFs’ tail regions– the higher SA range (Figure 

4A, inset; range between 1-60 dynes sec/cm2). The PDFs of the rear hub bearing ROI populated a 

similar low SA range for both VADs (Table 1; mean SA: 0.58 ± 1.183 and 0.779 ± 1.659 dynes 

sec/cm2 for HMII and HA5, respectively); however, higher density value of the high SA was found 

the tail region PDF of the HMII as compared to the HA5 at this ROI (Figure 4B, inset; range 

between 10-50 dynes sec/cm2). Compared to the main mode of the HMII PDF at the impeller-

shroud gap ROI, the main mode of the HA5 PDF at this ROI was shifted to the left toward the 

lower SA range. (Table 1; mean SA: 20.598 ± 16.052 and 9.455 ± 11.882 dynes sec/cm2 for HMII 

and HA5, respectively), and the distributions at the tail region PDF indicated higher probability 
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for platelets flowing through HMII to be exposed to elevated SA (Figure 4C, inset; range between 

10-110 dynes sec/cm2).  

 The PDFs of both VADs at the impeller blade ROI populated a similar low SA range (Table 

1; mean SA: 2.694 ± 3.316 and 2.858 ± 2.058 dynes sec/cm2 for HMII and HA5, respectively); 

however, according to the distribution of the tail region PDF of this ROI, higher density of high 

SA was found in the HMII comparing to the HA5 (Figure 4D, inset; range between 10-100 dynes 

sec/cm2). The PDF of the outflow bearing ROI indicated that the main mode of the HMII is right 

shifted toward higher SA range as compared to the HA5 (Table 1; mean SA: 2.051 ± 4.142 and 

1.047 ± 1.332 dynes sec/cm2 for HMII and HA5, respectively); furthermore, the tail region PDFs 

indicated an higher probability of platelets being exposed to elevated SA for the HMII (Figure 4E, 

inset; range between 40-110 dynes sec/cm2). The main mode of the HMII at the diffuser ROI was 

left shifted toward a lower SA as compared to that of the HA5 (Table 1; mean SA: 3.535 ± 5.074 

and 3.603 ± 5.927 dynes-sec/cm2 for HMII and HA5, respectively). However, both VADs had 

similar distributions of SA at their tail regions PDF (Figure 4F, inset; range between 10-120 dynes 

sec/cm2) at this ROI.  

Mapping Thrombus-Prone Regions in the HMII and HA5 from the SA data   

In the HMII, numerous platelet trajectories with significant recirculation portions (i.e., 

prolonged exposure time) were found at the downstream of the flow straightener blades, with an 

average eddy radius of approx. 2 mm. Also, several stagnant platelets resided nearby the rear hub 

bearing (Figure 5 A). Furthermore, some platelets were found to be trapped at the entry of the 

impeller blades, moving along with the rotational motion of the impeller but not escaping from 

this region (Figure 5 B). Conversely, in the HA5 in a similar ROI, no platelet trajectories were 

observed to recirculate downstream of the flow straightener and the rear hub bearing, and very few 
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stagnant platelet trajectories were found at the rear hub bearing (Figure 5 C). No trapped platelets 

were found at the entry of the impeller blades (Figure 5 D). 

Platelet Activation Measurements in Flow-loop Experiments 

Platelets were recirculated in the flow-loop with the VADs operating at 4 L/min CO, and 

measurements of platelet activation state (PAS) were conducted at specific time-points, as 

described above. A linear-fit of the PAS over time yielded the slope of the PAS, i.e., the platelet 

activation rate (PAR). The results from the 30 min in vitro experiments showed that the PAR of 

the HA5 was approximately 2.5-fold lower than that of the HMII- (Figure 6, 4×10-5 min-1 and 

1×10-4 min-1 for the HA5 and the HMII, respectively; p < 0.05). This corroborated the numerical 

simulation results with PDFs clearly showing a much higher probability of platelets being exposed 

to elevated SA in the case of the HMII – correlating to the higher measured activation rate in the 

HMII. 

DISSCUSION  

 In the present study, we have compared the thrombogenic potential of the DTE-optimized 

Micromed HA5 and the FDA-approved Thoratec HMII. The comparison is based on both in silico 

simulations and in vitro experiments in which we have successfully demonstrated the ability to 

map the thrombogenic footprints of the two axial VADs (PDFs) (Figure 3), map specific 

thrombogenic regions through ROI (regions of interest) comparisons (Figure 4), map thrombus-

prone regions in these two VADs (Figure 5), and confirm the predictions of the numerical 

simulations with in vitro platelet activation measurements in recirculation flow loops (Figure 6).  

 We showed here that platelets flowing through the HA5 VAD have less potential to be 

exposed to the riskier high stress accumulation range as compared to the HMII (Figure 3). 

Specifically, the rear hub (inflow) bearing region, the impeller-shroud gap region, impeller blades 
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regions and the front hub (outflow) bearing regions of the HA5 had lower thrombogenic potential 

as compared to the HMII (Figure 4B-F) – the platelets flowing through these regions of HA5 have 

less probability to be exposed to the riskier high stress accumulation comparing to the platelets 

flowing through the same regions in HMII.  

 As mentioned earlier, pump thrombosis was reported in approx. 6% of the HMII recipients 

[24]. Most thrombus formation was observed at the downstream of the flow straightener blades 

and the entry region of the impeller blades [12-14, 30]. These clinically reported regions matched 

the locations where numerous fluid recirculation zones, with several stagnant or entrapped platelet 

trajectories were observed from the HMII simulation (Figure 5 A & B). Although longer term 

clinical studies of the HA5 are currently not available, according to the numerical simulations we 

have conducted in the current study, much fewer stagnant platelet trajectories were found at similar 

regions as compared to the HMII, and no recirculation zones or trapped trajectories were observed 

(Figure 5 C & D), which indicated that the HA5 may have less incidence of device thrombosis as 

compared to the HMII. 

 Confirming the predicted lower thrombogenic potential of the HA5 over the HMII 

described above, the platelet activation measurements performed in both VADs showed that the 

thrombogenicity of the HA5 was approx. 2.5-fold lower than that of the HMII (Figure 6). Higher 

stress magnitude and longer exposure times characterizing the platelet trajectories flowing through 

the impeller-shroud gap region of the HMII (where the most significant difference was found in 

the ROI’s PDFs as compared to the HA5) are clearly depicted in Figure 7, showing the increased 

thrombogenic potential of the HMII for selected similar platelet trajectories of the two devices. 

Although the actual physiological loading conditions in which VAD operates in the body cannot 

be replicated in such a small volume recirculation flow loop (90 ml), it facilitates comparative 
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measurements of platelet activation by different VAD designs using fresh blood donations while 

maintaining semi physiological CO and pressure head. In that, this in vitro recirculation flow loop 

serves as an excellent proxy for conducting comparative measurements of the thrombogenic 

potential of various VADs. 

 As mentioned earlier, although the HMII has been approved by the FDA for both bridge-

to-transplant (BTT) and destination therapy (DT), several post-implant complications still remain 

(mostly due to device generated non-physiological flow patterns which induce high shear stresses, 

and the secondary complications due to the complex pharmacological regimens the former 

mandate). Based on the present study, the HA5 offers not only an anatomical advantage because 

of its smaller dimension, but better thromboresistance, which may clinically translate into a 

significant reductionof the mandatory anticoagulation/antithrombotic drug regimen as compared 

to an FDA-approved VAD device which was not optimized with the DTE methodology as the 

HA5 was. 

CONCLUSIONS 

Advanced numerical simulations designed to evaluate the thrombogenic performance of blood 

recirculating devices were used to demonstrate the efficacy of the DTE methodology for optimizing the 

thromboresistance of a rotary VAD by comparing a DTE optimized VAD (HA5) to that of a FDA approved 

VAD (HMII) which was not optimized by DTE. The numerical simulations were further validated by 

comparing the platelet activity measured in the two VADs in an in vitro recirculation flow-loop. The 

numerical simulations clearly indicated that the HA5 VAD has a lower thrombogenic potential as 

compared to the HMII, with distinct advantages in specific regions that were the focus of the 

optimization. Furthermore, flow patterns leading to thrombus formation in the HMII were mostly 

absent in the optimized HA5. The in vitro recirculation studies conducted in the two VADs showed 
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that the thrombogenicity of HA5 was 2.5-fold lower than that of the HMII. This study demonstrates 

the robust applicability of our DTE methodology for reducing the thrombogenicity of continuous 

flow rotary VAD designs. The same approach may be applied to any type of blood recirculating 

device and may obviate the need for the complex antithrombotic and anticoagulant management 

of patients implanted or treated by such devices. 
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TABLES, FIGURES LEGENDS 

 

Figure 1. Illustrations of the Exterior and Interior Features of (A) HMII and (B) HA5 and 

(C) Flow-loop for the in vitro Experiments- The exterior features of HMII (A- i) and HA5 (B - 

i); the length of the VADs are 71 mm and 81 mm, and the maximum diameter are 30 mm and 43 

mm for HA5 and HMII, respectively. The interior features and the detailed components of HMII 

(A - ii) and HA5 (B- ii); both VADs share similar overall design, which encloses the stationary 

flow straightener and diffuser, a single rotational impeller- both impellers actuated via 

electromagnetic fields. The flow straighteners for both VADs are composed of 3 blades, 120o apart. 
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The spinning direction of the impeller of HMII and HA5 are opposite. 90 ml of flow-loops (C) 

were assembled for the in vitro experiments, consisting of two tube segments with inner diameter 

of 1/2" connected to the VADs, and a segment of flow-resistor-tube, with the inner diameter of 

1/4", was connected to the flow-tubes with two tapered flow reducers, combining in series two 

reducing connectors (1/4"-3/8" and 3/8"-1/2"). 
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Figure 2. Illutrations of mesh elements and the seeded platelet particles for the simulations 

of HA5 (A) and HMII (B) and the ROIs’ definitions of HMII (C) and HA5 (D)- (A-i & B-i) 

indicates the side views of the volume meshes of the HeartAssist 5 (HA5) and HeartMate II (HMII) 

simulations, and the red dashed line indicates the mesh interfaces between the stationary and 

moving volume meshes. The HA5 mesh had approximately 9.3 million elements, and the HMII 

mesh had approximately 17 million elements. The yellow arrows indicate the spinning direction 

of the moving volume meshes, and the red arrows indicate the flow direction for both VADs- the 

HA5 spins clockwise along the flow, while the HMII spins counterclockwise. (A-ii & B-ii) Approx. 

31,000 and 32,000 platelets (red particles) were seeded and released from the upstream of the HA5 

and HMII, accordingly. (C & D) 6 different ROIs were defined for both VADs (i.e. flow 

straightener ROI (red), rear hub ROI (yellow), impeller-shroud gap ROI (purple), impeller blade 

ROI (green), front hub ROI (orange), and diffuser ROI (navy blue)). The flow straightener ROI 

was defined from the entry tip to the tail of flow straightener blades as cylinder. The rear hub ROI 

was defined as the cylindrical area from the tail of the flow straightener blades to the head of 

impeller blades. The impeller-shroud gap ROI was defined as the annular area between the tip of 

the impeller blades and the shroud. The impeller blade ROI was considered as the area between 

each impeller blades. The front hub ROI covered the cylindrical area from the tail of impeller 

blades to the head of the diffuser blades. The cylindrical area from the head of the diffuser blades 

to the exit tip of the diffuser was defined as the diffuser ROI. 

Journal of Biomechanical Engineering. Received September 08, 2013 
Accepted manuscript posted December 16, 2013. doi:10.1115/1.4026254 
Copyright (c) 2013 by ASME

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Downloaded From: http://biomechanical.asmedigitalcollection.asme.org/ on 01/09/2014 Terms of Use: http://asme.org/terms



 

23 
 

 

Figure 3. PDF Results from the Overall Devices of HMII and HA5- The PDF results of the 

overall regions of HMII and HA5 populated a similar slow SA range of both VADs; however, the 

distribution of the tail region (riskier high SA) showed higher thrombogenic potential in the HMII. 

50

Journal of Biomechanical Engineering. Received September 08, 2013 
Accepted manuscript posted December 16, 2013. doi:10.1115/1.4026254 
Copyright (c) 2013 by ASME

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Downloaded From: http://biomechanical.asmedigitalcollection.asme.org/ on 01/09/2014 Terms of Use: http://asme.org/terms



 

24 
 

 

Figure 4. PDF Results at ROI regions- PDF results obtained from the flow straightener ROI 

populated a similar low SA range in both VADs, and similar tail region distributions were found. 

The PDF results from the rear hub ROI populated a similar low SA range between two VADs; 

however, higher probability density (thrombogenic potential) was found at the HMII tail region 

comparing to the distribution of the HA5 tail region. Very different PDF distributions between the 

HMII and HA5 were found at the impeller-shroud gap ROI; the main mode of the HA5 is left-

shifted (toward lower SA range) compared to the HMII, and higher distribution at the HMII tail 

region (riskier high SA range) comparing to the HA5. PDF results from the impeller blade ROI 

indicated that the main modes of both VADs populated a similar low SA range; however, the tail 

region of HMII's PDF showed higher density at higher SA range than the HA5. The PDF results 

from the front hub ROI showed that the main mode of HMII was right-shifted (toward higher SA 

range) comparing to HA5’s main mode, and an additional mode was observed at the tail region of 

HMII comparing to HA5. The PDF result from the diffuser ROI indicated the main mode of HA5 

was right-shifted compared to HMII, but very similar distribution was found at the tail region of 

both VADs.  
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Figure 5. Stagnant Platelet Trajectories and Recirculation Zones in HMII and HA5- (A) The 

recirculation zones and stagnant platelet trajectories were observed at the downstream of the flow 

straightener blades of HMII, with approx. 2mm of the average eddy diameter. (B) Several 

entrapped platelet trajectories were observed at the entry of the impeller blades of the HMII, and 

closely following the rotational motion of impeller. (C) Fewer stagnant trajectories were observed 

at the rear hub region of the HA5 comparing to the HMII, and no recirculation zone was found. 

(D) No entrapped platelet trajectory was observed at the entry of the HA5 impeller. These platelet 

trajectories were represented as a time average of their residence time (184 ms).  
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Figure 6. 2.5-fold Differences of the Thrombogenicity between HMII and HA5- The platelet 

activation rates (PARs) of HMII (red) and HA5 (blue) after 30 min flow-loop experiments 

indicated significant 2.5-fold differences. The PARs of HMII and HA5 were 1x10-4 /min and 4x10-

5 /min, accordingly (p < 0.05; n = 10). 
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Figure 7. Markedly lower stress accumulation of platelet trajectories flow through impeller-

shroud gap of HA5- Representative shear stress and exposure time of five platelet trajectories 

flow through the impeller-shroud gap of (A) HMII and (B) HA5 VADs are shown. The platelet 

trajectories flowing through the HA5 has lower shear stress magnitude and shorter exposure time 

comparing to the trajectories flowing through the HMII.   
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Table 1. Mean (± SD) of stress accumulation (SA) for platelet trajectories flowing through 

regions of interest (ROIs) in the HMII and HA5 VADs.  

 

ROIs HeartMate II SA (dyne-s/cm2) HeartAssist 5 SA (dyne-s/cm2)

Overall VAD 13.362 ± 15.887 12.997 ± 12.418

Flow Straightener 0.694 ± 2.213 0.838 ± 2.742

Rear Hub Bearing 0.58 ± 1.183 0.779 ± 1.659

Impeller-Shroud Gap 20.598 ± 16.052 9.455 ± 11.882

Impeller Blades 2.694 ± 3.316 2.858 ± 2.058

Front Hub Bearing 2.051 ± 4.142 1.047 ± 1.332

Flow Diffuser 3.535 ± 5.074 3.603 ± 5.927
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