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Abstract

This study quantifies thrombogenic potential of a wide range of LVAD outflow graft anastomosis 

angles through. This study aims at clarifying the influence of a single parameter (outflow graft 

angle) on the thrombogenesis associated with flow patterns in the aortic root after LVAD 

implantation. This is an important and poorly-understood aspect of LVAD therapy, because several 

studies have shown strong inter-and intra-patient thrombogenic variability and current LVAD 

implantation strategies do not incorporate outflow graft angle optimization. Accurate platelet-level 

investigation, enabled by statistical treatment of outliers in Lagrangian particle tracking, 

demonstrate a strong influence of outflow graft anastomoses angle on thrombogenicity (platelet 

residence times and activation state characterized by shear stress accumulation) with significantly 

reduced thrombogenic potential for acutely-angled anastomosed outflow grafts. The methodology 

presented in this study provides a device-neutral platform for conducting comprehensive 

thrombogenicity evaluation of LVAD surgical configurations, empowering optimal patient-focused 

surgical strategies for long-term treatment and care for advanced heart failure patients.
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1 INTRODUCTION

Heart failure (HF) afflicts 2.4% of the US population (> 5 million) and over 500,000 new 

cases are reported annually. Medical treatment costs for HF-related cases exceeded $30 

billion in 20121. The prevalence of HF increases with age and, staggeringly, ~50% of 

patients diagnosed with HF die within 5 years1. Furthermore, the prevalence of HF is 

projected to increase to > 8 million people by 2030, with the total annual cost of HF care 

increasing to a projected $70 billion2–4. Medical-therapy refractory advanced heart failure 
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(ACC/AHA Stage D), comprises approximately 5 – 10% of the HF population1,5 and is 

characterized by intolerance to neurohormonal therapy6. Heart transplant is the treatment of 

choice for end-stage HF patients; however, that option is limited by a severe shortage of 

suitable donor organs and thus remains epidemiologically insignificant3,7. Consequently, 

mechanical circulatory support with left ventricular assist devices (LVAD) has emerged as a 

viable long-term option for patients with medical-therapy refractory heart failure. The 

implantation rate of LVADs has tripled over the previous decade8,9, largely driven by 

improved designs and reliability and associated greatly enhanced survival and quality of life 

for end-stage HF patients: 1-year survival rates for LVAD patients are now approaching 

90%3,10–13. LVAD patients, however, remain at elevated risk for devastating complications 

like cerebrovascular events (stroke) and device thrombosis11,12, 14–16. As such, 

investigations into optimizing VAD configurations to reduce complication rates are 

imperative3,7,17.

Despite significant advancements in LVAD design and development, the basic implantation 

technique has remained largely unchanged: the pump is connected to the left ventricle via an 

inflow cannula, and to the systemic circulation via an outflow graft typically anastomosed to 

the ascending aorta, proximal to the brachiocephalic artery and distal to the aortic sinus.

Neurologic events remain the most devastating complications of LVAD support12,15, 18–21; 

thus, despite advancements in LVAD technology and anti-coagulation therapy, it is 

imperative to examine the thrombogenicity of VAD configurations. As blood flow in the 

outflow graft and great vessels is characterized by high Reynolds, O(1000), and Womersley, 

O(10), numbers, the nuances of surgical implantation configuration may impact 

hemodynamic patterns, which in turn determine stress levels on endothelial and blood-

suspended cells. Thrombogenesis in LVADs is attributable to several mechanisms such as 

the presence of non-biologic material in the blood path, non-physiological blood flow 

leading to red blood cell damage, endothelial dysfunction and platelet activation12,14, 22–24. 

Significant research efforts have been dedicated to modeling hemodynamics in the LVAD 

outflow graft using computational fluid dynamics (CFD) and other tools25–33. These studies 

focus on Eulerian parameters, i.e. wall shear stress (WSS), that are essential to 

understanding endothelial mechanotransduction but characterize the complex 

hemodynamics experienced by blood-suspended cells incompletely. Additionally, some of 

the early work had methodological limitations, associated with available tools at the time. 

For example, most studies assumed steady-state flow conditions. Flow in the aortic arch and 

great vessels is inherently unstable due to high Reynolds numbers and complex geometry 

(curvature, branch bifurcations, etc.) and thus unsteady, and frequently chaotic, even for 

continuous flow LVAD support with minimal native contribution to cardiac output. Modern 

computational and experimental techniques, along with more powerful computing hardware, 

have opened the doors to studying hemodynamics of the LVAD outflow graft in its natural 

unsteady, chaotic, and patient-specific complexity.

Lagrangian metrics, shear stress history and residence time computed from particle tracking, 

are ideally suited to evaluate platelet activation. This study focuses on rigorously measuring 

LVAD thrombogenic potential by computing stress-time variables that have been shown to 

correlate strongly to platelet activation/accumulation in a reference frame that follows blood-
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suspended particles/cells. A combination of Lagrangian (particle-tracking) metrics with 

traditional Eulerian wall shear stress maps is evaluated for different LVAD outflow graft 

anastomoses angles in order to describe the relative risk assessment of thrombogenic 

potential, laying the groundwork for outflow graft optimization in a patient-specific context.

We hypothesize that VAD outflow graft angle impacts transport of blood-suspended cells, 

and shear stress acting on both blood and arterial endothelium. The existence of chaotic 

trajectories and associated shear stress affects platelet activation, platelet-endothelium and 

platelet-platelet signaling, and ultimately leads to incipient conditions for thrombus 

formation. Our objective is to elucidate the influence of surgical VAD outflow graft 

configurations on thrombogenic factors. With the aid of state-of-the-art techniques such as 

3D patient-specific models, virtual surgery, unsteady CFD and Lagrangian particle tracking, 

this study analyzes the thrombogenic potential for various LVAD outflow graft anastomoses 

configurations. In Section 2, we describe in detail the development of a patient-specific 

LVAD model, virtual surgical implantation of outflow grafts at different angles on the aortic 

arch, and the CFD simulation of flow and particle transport (Eulerian-Lagrangian) in the 

outflow graft, aortic arch and great vessels of the brain. Comparisons of the thrombogenic 

metrics computed for various LVAD outflow graft anastomoses are presented in Section 3, 

followed by an in-depth discussion of technological and clinical implications of the results. 

The methodology developed in this work is general and employs a device-neutral approach, 

which will enable designing LVAD implantation strategies in a patient-specific manner over 

a wide range of conditions.

2 METHODS

The methodology developed to evaluate the thrombogenic potential of LVAD outflow graft 

implantation at different angles is based on a 3D patient-specific model of the aorta, an 

LVAD outflow graft that is implanted through virtual surgery, and CFD simulation of the 

blood flow in the aortic territory.

2.1 Patient-specific model of the aortic arch and great vessels

Gadolinium-enhanced magnetic resonance angiography (MRA) was performed on a 25 year 

old male34 to image the vasculature of the ascending aorta and great vessels after having 

necessary permissions and consent.

Image segmentation was performed using the SimVascular software package (https://

simtk.org) to delineate the aortic arch, descending aorta (DA) and the major blood vessels of 

the aorta, namely the brachiocephalic (B), left subclavian (S) and common carotid (CCA) 

arteries. A 3D surface was reconstructed from the segmented vessel outlines in Solidworks 

(Solidworks®, Dassault Systems, France) and transferred in STL (see Figure 1) format to 

the CFD mesh generation software.

2.2 Virtual surgical implantation of the LVAD outflow graft

Using virtual surgery, we “implanted” a 10-mm diameter LVAD outflow graft on the 

ascending aorta, distal to the aortic root and proximal to the brachiocephalic artery. Three 

different outflow graft configurations were created by anastomosing the LVAD outflow graft 
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at 45°, 60° and 90° with respect to the axis of the ascending aorta (see Figure 1). The graft 

was assumed to be rigid and, therefore, the cross sectional area and the angle with the aorta 

remained unchanged to dilatation of the graft under pressure and unaffected by the remote 

possibility of long-term remodeling.

2.3 Mesh generation and CFD simulations

The virtually-anastomosed aortic arch/outflow graft models were imported into the meshing 

software Gambit (ANSYS Inc., Canonsburg, PA) and tetrahedral unstructured meshes 

created for all three configurations. The meshes contained upwards of 5 million cells with a 

typical spacing between nodes of ~100 microns. Discretization of the computational domain 

with high spatial density is required to capture the transitional or chaotic flow in the aortic 

arch (Repeak > 3000). The time step was set at 10−4 s to provide sufficient temporal 

resolution to resolve all unsteady motions in the flow. This mesh density was satisfactorily 

evaluated for grid independence, including a volumetric estimate of viscous dissipation that 

accurately captured energy balance between the inlets, outlets and within the fluid domain 

with shear being fully resolved spatially and temporally in the simulation. The meshes were 

then imported into the CFD simulation software (FLUENT, ANSYS Inc., Canonsburg, PA) 

to set boundary conditions.

The CFD simulations in this work include two distinct fluid phases: a continuous phase 

where the blood is modeled as a homogeneous Newtonian fluid, and a discrete phase where 

the platelets are modeled as neutrally-buoyant particles transported by the continuous phase. 

The underlying governing equations and fluid properties are provided in the supplementary 

materials. All simulations were performed on a distributed-memory massively parallel 

architecture facility (Hyak HPC) at the University of Washington.

2.4 Lagrangian particle tracking

Once the hemodynamics of the continuous phase was computed, Lagrangian particle 

tracking was implemented for the discrete phase. Hundreds of thousands of particles with a 

diameter of 3 microns were released from the LVAD outflow graft inlet (see Figure 2).

2.4.1 Particle trajectories—The particle trajectories were constructed from their location 

at each fluid time step, from particle injection at the outflow graft to particle exit through 

any of the vessels: brachiocephalic, subclavian, carotid or descending aorta, or to their final 

positions if they remain in the aortic territory.

2.4.2 Particle residence time (RT)—The particle residence time (RT) was calculated by 

tracking the time each particle remained in the vascular domain:

(1)

Where i is an index for each particle,  represents the time the particle is injected into 

the domain, and  represents the time the particle trajectory ends.
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2.4.3 Particle stress history (SH)—Platelet activation triggers the coagulation 

cascade35 and ultimately may lead to thrombus formation. While many factors influence 

platelet activation, one of the most widely accepted theories is shear-induced-platelet-

activation (SIPA)12,36–40. Lagrangian tracking allows for determination of accumulated 

shear stress on each platelet, as a function of time in the flow, to evaluate the level of SIPA 

associated with each LVAD outflow graft angle studied:

(2)

Where τ is the instantaneous shear stress magnitude at time t′ and X(t′) is the platelet’s 

location at that time.

2.5 Model Boundary Conditions

The inflow of blood through the LVAD outflow graft, set to 5 l/min, constituted the only 

inlet in this simulation. Two-element Windkessel models with physiologically-realistic 

vascular resistances and capacitances54 (see Supplementary Materials for details) were 

applied at each of the four outlets (i.e. brachiocephalic, carotid, subclavian and descending 

aorta).

The aortic valve was assumed to remain closed to simplify analysis of the outflow graft 

anastomosis in this paper, representing a fully unloaded patient for whom cardiac output 

solely originates from VAD support. All arterial walls were considered no-slip walls. All 

simulations were initialized for a period of 2–3 seconds to reject the initial transient that 

develops in the computational domain; valid data collection for particles and global 

parameters (WSS) was initiated after exclusion of this initial transient and simulations were 

performed for a minimum of 10 equivalent cardiac cycles (t >10 s).

2.6 Evaluation of minimum thrombogenic potential (MTP)

A thrombogenic potential (TP) was defined based on a combination of weighted statistical 

Lagrangian measures of the RT and SH distributions among platelets, as shown in Table 1. 

Specifically, statistics of particle RT and SH were analyzed using median and outlier 

information. This analysis was motivated by the strong link between particle RT, 

accumulation of shear stress history and SIPA, which initiates coagulation. The value of 

MTP is meant to rank-order the thrombogenic potential of each particular LVAD outflow 

graft configuration, reducing the complex data provided by the simulation to one single 

metric with arbitrary units, but not to evaluate an absolute risk of thrombosis (that is a value 

of 1 represents higher risk than 0.5, but does not mean that there is 100% probability of 

thrombosis, nor that the probability is twice as high as 0.5). All statistical analyses were 

conducted in MATLAB (MathWorks Inc., Natick, MA), and the non-parametric Wilcoxon 

rank-sum test with a 95% confidence interval (p < 0.05) was used for all significance 

evaluations, owing to the highly right-skewed nature of particle data.

Residence and shear statistics are presented using (i) boxplots (denoting median, range and 

outliers), (ii) probability density functions (PDF) and (iii) probability of occurrence (PO). 
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The PO metric enables determination of the probability that a particle selected at random has 

a specific RT or has accumulated a specific SH. These enabled the investigation of particle 

RT and SH distributions for various configurations to determine platelets with highest risk of 

activation, and incorporated into the evaluation of TP.

3 RESULTS

Global hemodynamic parameters (WSS) and particle trajectories, RT, SH and TTP were 

computed for each outflow graft angle configuration. MTP was evaluated from the collective 

blood-suspended and vascular wall mechanical and transport statistics. Results for 

Lagrangian particle tracking analyses are presented first, followed by global hemodynamic 

parameters and MTP evaluation.

3.1 Lagrangian metrics for evaluating thrombogenicity

3.1.1 Blood flow patterns—Hemodynamic flow patterns of blood entering the aortic 

arch from the outflow graft are shown in Figure 3 for the 60° and 90° outflow graft 

configurations. The high-velocity jet from the outflow graft impinges on the contralateral 

aortic wall forming a stagnation region, with high pressure and low shear stress at the 

stagnation point surrounded by concentric rings of decreasing pressure and very high shear 

stress. The 90° configuration is the most adverse, with the outflow jet perpendicular to the 

aortic axis, resulting in a strong recirculation flow pattern. This is clearly seen in Figure 

3(b), where multiple pathlines spiral out from the stagnation point and traverse the anatomy 

of the ascending aorta and aortic arch. A significant recirculating region appears at the aortic 

root, just distal of the aortic valve, with associated low shear and high cell residence times 

just following the high shear associated with the jet and wall impingement.

Figure 4 shows snapshots of particles at 1 and 2 seconds after being injected at the outflow 

graft anastomosis for the 60° and 90° configurations. For the 90° angle configuration, one 

second after injection more than 80% of the particles are still circulating in the ascending 

aorta, aortic arch, proximal segments of the great vessel and descending aorta region. This 

compares negatively to fewer than 20% of particles still circulating for the 60° angle 

configuration, indicating a higher risk of particles in the 90° configuration to accumulate 

higher stress history, increasing activation risk.

3.1.2 Platelet trajectories—Figure 5 shows characteristic platelet trajectories, from 

injection at the outflow graft, for all three configurations. Trajectories are plotted for ~ 30 

particles exiting through each of the brachiocephalic (blue), left common carotid (red) and 

left subclavian (green) arteries. It can be observed that the paths traversed by the platelets are 

very different for the three configurations studied. Qualitatively, the 90° configuration 

(Figure 5(c)) clearly results in a larger number of trajectories following more circuitous 

routes through the aortic arch and towards the distal vessels. These will be quantified 

rigorously with the statistical distribution of Residence Times and Shear Stress Histories 

experienced by platelets in those trajectories.

3.1.3 Platelet residence times (RT) and stress histories (SH)—RT is calculated for 

every platelet from its time of injection to the time it exits the domain (or until the 
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simulation ends). SH is calculated for every platelet, by cumulative addition of the values of 

shear stress that the platelet is exposed to, for the entire time that the platelet is circulating in 

the region of interest.

A total of over 150,000 platelets were released from the inlet over 10 cardiac cycles for each 

configuration. We focus our analyseson theparticles traveling towards the brain (comprising 

of particles that exit through the brachiocephalic, carotid and subclavian branches), in an 

effort to provide insights into the risk of stroke associated with blood flow features caused 

by the LVAD outflow graft configuration.

The lowest median RT (0.36 s) is found for the 60° configuration, while particles remained 

significantly longer in the domain (0.64 s) for the 90° configuration (with those in the 45° 

configuration very close to the 60° value, at 0.39 s). The PDF plot in Figure 6(a) indicates 

that a large amount of particles for the 90° configuration had lingered in the aortic arch 

region longer than the other configurations. PO plots indicate that particles for the 90° 

configuration have a ~ 150% higher risk of lingering in the vasculature longer than 1 s. The 

% of outliers with high RT and high SH was largest for the 90° configuration: 16.21% for 

RT and 12.08% for SH, while the values are minimum for 60° and 45° respectively.

Table 2 shows the median and outlier information for all particles traveling towards the 

brain.

Figure 6(b) shows PDF, boxplot and PO plots of SH traveling towards the brain. Particles 

had the lowest median SH (0.54 Pa-s) in the 60° configuration, whereas they accumulated 

the highest stress histories (0.91 Pa-s) for the 90° configuration. The 45° configuration had 

close but higher values than the 60° case, at 0.63 Pa-s. The probability distribution (PDF) 

clearly indicates that a significant number of particles for the 90° configuration had a high 

probability of SH between 0.5 and 2 Pa-s, physiologically relevant values. These particles 

accumulate ~70% higher SH compared to the other two lower angle configurations. PO plots 

indicate that particles for the 90° configuration have a ~ 55% higher risk of accumulating a 

SH between 1 and 2 Pa-s compared to the 45° configuration, and an overall ~ 67% higher 

risk of accumulating a SH higher than 1 Pa-s. The maximum SH was attained by particles in 

the 90° configuration (133.95 Pa-s) which was ~12% higher than for particles in the 45° 

configuration. The % of outliers was also largest for the 90° configuration (12.08%). Table 2 

shows the detailed SH statistics.

The particles that travel towards the upper body can be further classified based on the artery 

that they flow into: brachiocephalic, left common carotid or left subclavian. Overall, RT and 

SH of particles exiting the brachiocephalic, carotid and subclavian were highest for the 90° 

configuration, indicating higher thrombogenic potential. Similarly, when the analysis was 

extended to all particles in the domain, regardless of whether they have left the domain in 

the simulation time, or where they left towards, the results were fully consistent with the 

previous discussion: the 90° configuration presented higher RT and SH values, with a 

statistically significant increase in the number of particles that suffered from very large 

residence times and shear stress histories, compared to the two shallower angle 
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configurations, 45° and 60°. Further risk analysis based on the platelet history and 

thrombogenic potential can be found in the Supplementary Materials.

3.2 Eulerian Hemodynamic Parameters

3.2.1 Wall Shear Stress (WSS)—Figure 7 shows the WSS distributions on the ascending 

aorta, aortic arch, great vessel ostia and descending aorta. It can be clearly seen that there are 

high levels of WSS on the posterior region of the aortic arch, just proximal to the 

brachiocephalic branch. This high WSS zone is associated with the impingement of the 

high-velocity jet from the outflow graft. As the outflow graft is best aligned with the 

anatomy of the ascending aorta for the 45° configuration, the WSS peak values are lower in 

this case, the area under high WSS is smaller, and it is more distal, close to the ostia of the 

brachiocephalic branch and carotid artery (see posterior view in Figure 7). Interestingly, the 

WSS on the brachiocephalic ostium increases from the 45° configuration to the 60° 

configuration, and then decreases for the 90° configuration. Overall, no singular outflow 

graft angle configuration globally minimizes the WSS on the arterial walls, but there are 

important localized differences that are physiologically significant in dislodging thrombi that 

may temporarily nest and grow at the ostia of the cerebral vasculature.

3.3 Evaluation of minimum thrombogenic potential (MTP)

TP was evaluated for particles traveling towards the brain for the three configurations 

studied, in order to evaluate their overall thrombogenic performance. Based on the criteria 

specified in section 2.6, the scores assigned to the various configurations are shown in Table 

3. Overall, the 90° configuration was the most thrombogenic, with a maximum values of the 

mean residence time and mean and maximum shear stress histories. Additionally, this 

configuration produces significantly higher percentage of outliers (platelets that withstand 

RT and SH values 2.5 times the standard deviation higher than the median in the best 

configuration) resulting in the maximum normalized TP score of 0.85. The 60° configuration 

was least thrombogenic (score of 0.2), with the 45° yielding a very close normalized TP 

score of 0.3, indicating similar thrombogenic performance for the acute angles studied.

4 DISCUSSION

In this work, we present a methodology to assess thrombogenic potential of various LVAD 

outflow graft configurations. We focus on understanding thrombogenicity of the blood flow 

features created by different LVAD outflow graft configurations, using Lagrangian metrics 

for platelet surrogates traversing the aortic arch. The hemodynamic environment studied 

here is assessed for its impact on the coagulation cascade’s natural equilibrium of 

thrombogenic and anti-thrombogenic factors, in a way that aims to predict growth of 

microthrombi, originating from the LVAD, or formation of clots due to activated platelets 

and thrombin strands originating entirely post-VAD. Just like as our study is device neutral, 

it does not establish specific location of thrombus initiation, as the goal is to predict the fate 

of particles representing an organized thrombus or an incipient thrombus forming as 

platelets find the conditions to activate and accumulate in circulation, as the sequelae of 

unfavorable device biocompatibility.
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The most significant methodological innovation of this study is the comprehensive use of 

Lagrangian metrics to elucidate the hemodynamic environment experienced by platelets 

navigating the aortic. Hundreds of thousands of particles were released from the outflow 

graft every 1/10 seconds and their motion and stress accumulation tracked continuously. 

Particle trajectories indicate particles are trapped in recirculation zones and in swirling flows 

as shown in Figures 3 and 5. The trapping of particles in recirculation zones leads to 

particles spending longer time in the aortic arch, before being transported to the distal 

circulation. Long residence times are a necessary step towards agglomeration after flow-

induced platelet activation38,39, 41. While the average time taken by particles to traverse the 

aortic arch and exit the brachiocephalic branch was ~ 0.28 seconds for the 45° and 60° 

configurations, particles were in the aortic territory for ~ 0.5 second before exiting the 

brachiocephalic branch for the 90° configuration (a 71% increase). Increases in particle RT 

were also observed for particles exiting the subclavian (66%) and carotid branches (20%) for 

the 90° configurations. Particle RT analyses indicates that the 90° configuration is 

potentially more thrombogenic on account of particles being trapped in the aortic root region 

for much longer times. Some of these particles are trapped in the recirculating zone just 

distal to the aortic valve in the aortic root, potentially increasing the risk of aortic valve 

damage or thrombosis.

Shear-induced-platelet-activation12,36–40 has been the focus of many studies in evaluating 

thrombogenesis of medical devices23,42. In this study, we have quantified levels of shear 

stress histories on individual platelets to evaluate the relative thrombogenicity of LVAD 

outflow graft configurations. Platelet SH data indicate a trend similar to particle RT. 

Accumulated SH for particles is lower for the 45° and 60° configurations, with a majority of 

particles accumulating a <~ 0.75 Pa-s shear history. However, for the 90° configuration, 

particles accumulated > 1 Pa-s SH (a >45% increase). These results indicate that the 90° 

configuration is clearly most unfavorable, with particles accumulating elevated SH and 

consequently elevated risk of SIPA. This trend was similarly found for the platelet maximum 

SH, with particles in the 90° configuration reaching a maximum accumulated SH (134 Pa-s), 

compared to 121 Pa-s for the 60°configuration and 120 Pa-s for the 45° configuration.

Especially important is the combination of strong recirculation regions coupled with 

increased RT and SH, as these may lead to conditions conducive to platelet activation and 

thrombus initiation. Moreover, the 90° configuration resulted in particles accumulating 

larger SH prior to exiting the brachiocephalic (~ 12% increase) and the carotid (~ 70% 

increase) arteries. These results provide valuable insights into the propensity of LVAD 

patients to experience cerebrovascular events rather than embolize to visceral or peripheral 

circulation53.

It is important to note that all three configurations presented outlier particles for both RT and 

SH analyses, and these may be critical for thrombus initiation. Consistent with previous 

discussion, the % outliers for particle RT was highest for the 90° configuration (16%) in 

comparison to the 60° configuration (8%) and 45° configuration (12%). The % of outliers 

(RT, SH) was also highest for the 90° configuration when particles were subcategorized into 

the brachiocephalic (43.94%, 25.41%) and the subclavian (17.34%, 18.14%) arteries. The 

outlier analysis indicates that 90° configuration results in complex hemodynamic patterns 
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and flow recirculation zones, leading to very large SH accumulation, combined with high RT 

in some, but not all, cases.

As shown in Table 3, the median and outlier information for RT and SH were used in 

evaluating TP for all three outflow graft configurations. Maximum values of median and 

outliers did not always occur for the 90° configuration; five of six categories (all except 

maximum RT value) were highest for the 90° configuration. Overall, the 45° and 60° 

configurations had lowest scores in two and three out of six metrics, respectively, but those 

resulted in the lowest overall TP scores. It is important to note that this analysis clearly 

indicates all configurations present some platelet outliers that may alone create 

thrombogenic risk, importantly noting the 90° configuration is most thrombogenic, while the 

45° and 60° configurations being more favorable for thrombogenic potential.

While evaluating the thrombogenic potential of the three configurations tested in this study, 

it is important to consider particle density. Despite analyzing > 150,000 particles for each 

configuration over the duration of the simulations, the particle density in our simulations is ~ 

200 particles/mL. In actuality, the platelet density of human blood under normal conditions 

is ~ 250 × 106 platelets/mL35, an increase by a factor of 106. This relative density factor has 

major implications for evaluating outliers, as every outlier is representative of ~106 platelets. 

The outlier particles in our simulation continue to circulate within the computational domain 

for over 10 seconds, in the process accumulating high values of SH. The outliers for particle 

SH for the 90° configuration (~150 Pa-s) could potentially indicate many millions of 

platelets not only circulating for well over 10 seconds, but also accumulating non-

physiologically high SH. This markedly increases the risk of platelets activating soon after 

entering the aortic circulation and having long times to accumulate before traveling towards 

the brain, thus exacerbating stroke risk.

Continuous VAD flow through a fixed-diameter outflow graft creates a high-velocity jet of 

blood as it exits the graft and impinges on the contralateral aortic wall in the ascending aorta 

(see Figure 3). An immediate consequence of the impingement of the jet is an associated 

region of high WSS on the posterior aortic wall that remains nearly constant for the duration 

of the simulations. As the high-velocity jet impinges on the posterior wall, it breaks down 

into chaotic recirculating eddies moving blood around the entire aortic root and towards the 

anterior wall, leading to another region of moderately elevated WSS. The WSS on the 

posterior ascending aorta is reduced for the more acute (45° and 60°) configurations, while 

the brachiocephalic branch is exposed to higher WSS at 45° and 60° than the 90° 

configuration. Most importantly, the impingement zone in the contralateral aortic wall 

experiences a nearly constant WSS of more than 10 Pa, while the WSS on the majority of 

the aortic arch and the descending aorta is less than 2 Pa. This highly heterogeneous WSS 

distribution coupled with a constant exposure of high WSS in a small region of the aortic 

arch can strongly influence endothelial cell function and arterial wall health43–45. Other 

research groups have also found regions of elevated WSS at the location of LVAD graft out-

flow impingement25,29, 30,46,47. While the more acute angles reduce the WSS maximum on 

the aorta and increases the values near the brachiocephalic and carotid ostia, possibly 

reducing the risk of endothelial dysfunction in the aortic root and the temporary lodging of 
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microthrombi at the upper body arterial bifurcations before leaving as larger thrombus, no 

single configuration globally minimizes WSS on the arterial walls.

The blood flow exiting the outflow graft, after impingement as a jet onto the aortic wall, 

gives rise to a swirling and recirculation zone, as shown in Figure 3. The LVAD outflow 

graft flow experiences less swirling motion and recirculation for the 45° and 60° 

configurations, due to the better alignment of the momentum of the jet with the axis of the 

aorta. The farther reach of the high-speed flow from the outflow graft in the 45° and 60° 

configurations, however, results in higher WSS on the ostia of the brachiocephalic branch 

and left carotid artery. Swirling flow is observed in the aortic arch for all outflow graft 

configurations, but the hemodynamics of the 90° configuration are dramatically more 

chaotic; with multiple high-speed swirls breaking off from the primary jet upon 

impingement on the posterior ascending aorta. One of these streams forms a large 

recirculating zone in the aortic root, and in the absence of aortic valve opening, takes 

platelets into a stagnation region where they have the potential to agglomerate after 

activation. Further, this retrograde recirculation zone displays relatively high pressure, due to 

stagnation, and may influence aortic valve regurgitation, possibly by exacerbating aortic 

valve damage over time48–51.

4.1 LIMITATIONS

The current study quantifies hemodynamic performance and thrombogenic potential of 

various outflow graft anastomoses configurations using state-of-the-art Lagrangian metrics. 

However, it is not without limitations.

Firstly, the vascular and graft walls were considered to be rigid, simplifying the dynamics of 

flow in the vasculature. Several studies have shown that, while wall compliance modifies 

flow stresses and features quantitatively by about 10–20%, it does not modify the qualitative 

effects of vascular anatomy and in particular, it does not change the risk stratification of 

multiple computed cases with the same assumption, as compliance affects all cases 

similarly52. The constant shape of the outflow graft, assumed to be unaffected by pressure-

induced dilatation and the remote possibility of long-term remodeling, is consistent with the 

behavioral properties of commercially-used contemporary VAD outflow grafts. However, if 

any change of cross-sectional area or angle at the anastomosis due to graft elasticity or 

remodeling (larger cross sectional area or higher incidence angle, as it would occur if the 

graft deformed into a cuffed shape) were to occur, it would be directed towards reducing the 

longitudinal momentum injected at the aorta. The hemodynamic impact of this, increasing 

platelet residence time, would exacerbate the risk of thrombosis in all configurations.

The effect of age and stage of vascular health in an LVAD population would lead to a 

significantly reduced arterial compliance, and the diminished pulsatility in continuous flow 

LVAD circulation would further support this assumption. More importantly, only one patient 

vasculature was simulated in this study. While the anatomy and flow rates are representative 

of the population of interest, a range of patient-specific models should be simulated to 

confirm the trends in this study are robust for most, if not all, the possible anatomical or 

physiological (flow rates and peripheral resistances) variations. This study is intentionally 

device-neutral and, because of this, does not explore in detail subtle differences in flow 
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inherent to centrifugal and axial designs. Our study uses boundary conditions based on 

physiological flow rates measured at locations downstream of the aortic arch, and thus 

cannot take into account the vastly different P-Q curves of axial and centrifugal pumps, and 

the CFD methodology does not adapt itself to taking arterial compliance without Fluid-

Structure Interaction simulations. In a part of the study not shown, we confirmed that the 

rotational flow exiting the pump at the inlet to the outflow graft did not qualitatively change 

flow patterns at the aortic root, as the rotational component of the flow (± 20% of the 

streamwise velocity) had broken down into incoherent vorticity patches that play a role in 

transition to turbulence in the graft itself but become negligible at the anastomosis.

5 CONCLUSION

This study presents a novel, comprehensive, device-neutral analysis methodology, 

investigating platelet residence time/shear stress (platelet-level) and wall shear stress 

(endothelial-level) metrics able to quantify hemodynamic complications and relative 

thrombogenic risk of different surgical configurations.

Our simulations demonstrate that shallower angles result in favorable hemodynamics and 

reduced thrombogenicity in the aortic arch and cerebral vessel bifurcations. The 45° and 60° 

configurations were found least thrombogenic (with very similar risk values), while the 90° 

configuration was most thrombogenic. We also quantified specific hemodynamics pertinent 

to stroke risk: (i) increases in particle RT were observed for particles flowing to the 

brachiocephalic (~71% increase), subclavian (~66% increase) and left carotid arteries (~20% 

increase) for the 90° configuration and (ii) there was a ~45% increase in particle SH for the 

90° configuration with increases in particle SH observed specifically for platelets flowing 

through the brachiocephalic (~ 12% increase) and the left carotid (~ 70% increase) branches. 

While more research is needed to determine the influence of varying blood flow patterns in 

the aortic arch region on platelets and their subsequent activation state, incorporating 

Lagrangian (platelet level) metrics to the traditional Eulerian Wall Shear Stress enables 

deeper understanding of LVAD hemodynamics and subsequently facilitate thrombogenic 

assessment of implantation configurations. These findings suggest that outflow graft angles 

in the 45–60° range may mitigate thrombogenic potential by reducing platelet activation in 

the ascending aorta. This may favorably impact LVAD outcomes by reducing the risk of 

neurologic events related to platelet activation at the outflow graft anastomosis. Further 

clinical evaluation of variable outflow graft angulation is warranted to guide surgical 

planning.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 

Patient-specific model of aorta and great vessel branches with a 10 mm outflow graft (grey), 

three virtually anastomosed outflow graft configurations. The triangles in yellow represent 

the anastomotic area as a function of the graft cross sectional area and the anastomosis 

angle, an upper limit of the area over which a highly distensible graft could spread the 

momentum entering the aorta in the case of dilatation or remodeling.
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Figure 2. 

Computational domain and boundary conditions
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Figure 3. 

(a) Hemodynamic flow patterns for 60° case (b) Hemodynamic flow patterns for the 90° 

case. For the 90° case, the splitting of the high-velocity jet from the outflow graft into 

multiple streams, and a strong recirculation zone just distal to the aortic valve is clearly seen 

(black arrow)
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Figure 4. 

Snapshot showing particles circulating in the aortic region, 1 and 2 seconds after injection 

for the 60° and 90° cases
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Figure 5. 

Platelet trajectories for the (a) 45° configuration, (b) 60° configuration and (c) 90° 

configuration. Trajectories are plotted for ~ 30 platelets exiting through each of the 

brachiocephalic (blue), left common carotid (red) and left subclavian (green) arteries. 

Outflow graft not shown for simplicity.
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Figure 6. 

PDF, boxplot and PO plots of (a) RT and (b) SH for all particles traveling towards the brain.
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Figure 7. 

WSS on arterial walls for all three configurations. Outflow graft not shown
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Table 1

Criteria used for evaluation of TP

RT (50%) SH (50%)

Median Outlier Max
(maximum
value)

Outlier %
(% of data that
are outliers)

Median Outlier Max
(maximum
value)

Outlier %
(% of data that
are outliers)

25% 15% 10% 25% 15% 10%
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Table 2

Median and outlier information of RT and SH for particles traveling towards the brain.

Case Residence Time (s) Stress Histories (Pa-s)

Median Outliers (Max, %) Median Outliers (Max, %)

45 ° 0.39†‡ 8.89, 12.70% 0.63†‡ 119.54, 9.04%

60 ° 0.36*‡ 9.19, 7.88% 0.54*‡ 120.84, 10.03%

90 ° 0.64*† 7.76, 16.21% 0.91*† 133.95, 12.08%

(Note:

*
indicates a statistically significant (p < 0.05) result in comparison with 45 ° configuration,

†
indicates a statistically significant (p < 0.05) result in comparison with 60° configuration and

‡
indicates a statistically significant (p < 0.05) result in comparison with 90° configuration.)
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