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ABSTRACT 

Despite improved Ventricular Assist Device (VAD) design and anti-coagulation treatments, patients 
implanted with VADs have a 20% to 40% chance of experiencing a thrombo- embolism within 6 
months of implantation1. These clots may originate from each of the following locations: (1) the VAD 
itself, (2) dislodged clots from the aortic root walls, (3) or the native ventricle1,2. This study aims to 
assess the effect of various outflow graft (OG) implantation configurations on embolization to the great 
vessels. 

A 3D patient-specific geometry obtained from CT scans has been brought to the numerical domain by 
using segmentation software and CAD software to generate various cannula configurations. The 
hemodynamics are resolved utilizing 3D computational fluid dynamics (CFD) code coupled to a 0D 
lumped parameter model (LPM) of the peripheral circulation. Blood flow is modeled as a laminar, 
incompressible and non-Newtonian fluid whose rheology is accounted for by a Carreau-Yasuda model. 
Thrombi are modeled as non-interacting solid spheres of set density and size varying between 2mm 
and 5 mm, tracked throughout the domain with a Lagrangian scheme. 

Figure 1 – Outflow graft implantation. 

For the steady flow solution as previously noted, each of the configuration, 90o, 60o and 30o display 
respective total mean cerebral embolization rates of 13.89%, 13.56% and 6.81%. It can be observed 
that the 30o anastomosis angle presents the lowest embolization probabilities, while the other 
configurations two-fold adverse results. A similar trend can be observed for each separate arterial bed. 
Pulsatile solutions generate embolization rates of 8.95%, 18.02% and 3.57%. Similarly, pulsatile 
results suggest the 30o VAD-OG to be the best implantation with a 50% reduction in embolization rates 
over the two other configurations. When comparing the overall statistics, flow pulsatility appears to 
strongly affect the predicted embolization rates. 

Results display the strong influence of pulsatility over the flow field in the aortic arch which in turn 
translates in altered emboli transport. In addition, the stroke probabilities clearly identify the 30o VAD 
cannula anastomosis as the most ideal configuration under both pulsatile and steady flow conditions. 
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resolve the boundary layer with yþ< 5 as required by the turbu-
lence model placing the first grid point within the laminar sub-
layer. CFD analyses were conducted using FLUENT 6.3 (ANSYS
Inc., Canonsburg, PA) to solve the mass and momentum conserva-
tion equations
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is the velocity vector, p is the pressure, and s is the
viscous stress tensor. Blood is modeled as a Newtonian incom-
pressible fluid with density of qb¼ 1060 kg/m3 and dynamic vis-
cosity of l¼ 0.004 N s/m2 [14]. Steady state flow was modeled:
1 L/min emanating from the aortic root and 3 l/min from the VAD
(total flow of 4 L/min throughout the aorta) [19]. Flow splits were
applied to the outlets, assigning a fixed percentage of the total
flow to outlet boundaries (the sum of VAD outflow plus cardiac
output) to resemble those of a 75 kg adult as follows [19]: coro-
nary arteries 1.2% (corresponding to 5% of the cardiac output),
carotid arteries 17%, subclavian arteries 15.3%, vertebral arteries
(VA) 4.5%, and descending aorta 62% [20–22]. Coronary hemo-
dynamics under continuous flow mechanical support is still a topic
under investigation. In a recent 2012 study, Masahiko et al. [23]
found there is a significant reduction in myocardial oxygen con-
sumption with continuous flow VAD support accompanied with a
significant increase in coronary vascular resistance and lower cor-
onary perfusion in a study performed in adult goats. Ootaki et al.
[24] report in a pig study a decrease in total coronary blood flow
as continuous flow VAD support increases, this is attributed to

ventricular unloading and a reduction in energetic demand of the
myocardium. Based on the available literature, we set the value of
coronary flow at 5% of cardiac output corresponding to the nomi-
nal value in humans and kept it constant in accordance with ani-
mal studies, where the coronary flow remained constant as a
function of cardiac output as VAD support was increased [24].

A turbulence level of 5% was imposed at both the inlet of the
VAD-OG and at the inlet of the AO using the shear stress trans-
port (SST) k-x turbulence model [25,26]. Thrombi were modeled
as spherical particles with diameters of 2, 4, and 5 mm and density
qp¼ 1117 kg/m3 [17,27]. Since thrombi size distribution in
patients with VAD support is unknown, particle size was selected
based on a report of the thrombi size retrieved at autopsy
of patients that died of a thrombotic stroke [28]. An Eulerian–La-
grangian approach was used determine their trajectories by
solving Newton’s second law of motion for the particles. The con-
tinuous phase is solved using the Eulerian reference frame while
the particles are tracked using the Lagrangian reference frame.
The coupling between the discrete and continuous phase is one
way, meaning the calculation of the continuous phase is unaf-
fected by that of the discrete phase. The following equations were
used to calculate the particle trajectories:
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Where up is the particle velocity, Fd u& up

! "
is the drag force per

unit mass, and Fvirtual and Fpressure are additional virtual and pres-
sure forces. The following correlation spanning laminar and turbu-
lent regimes were utilized for the viscous drag on the thrombi:
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Where l is the fluid’s viscosity and qp and dp are the particle’s
density and diameter, respectively.
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Cd is the drag coefficient when using the spherical drag law,
where the a constants apply over different ranges of Re [29]. The

Fig. 2 VAD-OG implantation configurations: (a) Variation of angle of anastomosis
(90 deg, 60 deg, and 30 deg) to the right-lateral mid-ascending aorta. (b) Configura-
tions with IA bypass (8 mm). (c) Configurations with LCA bypass (6 mm).
IA 5 innominate artery, LCA 5 left carotid artery.

Fig. 3 Configuration 60 deg-VAD-OG implantation to the right-
lateral ascending aorta. (a) Anastomosis at 3 mm from the root
of the innominate artery (graft shifted-up). (b) Anastomosis at
33 mm from the root of the innominate artery (graft shifted-
down). (c) Descending aorta VAD-OG implantation.
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