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Connecting Ventricular Assist Devices to the
Aorta: a Numerical Model

J. Bonnemain, S. Deparis, A. Quarteroni

Abstract Mechanical circulatory support, in particular ventricular assist devices
(VAD), has been recently proposed as an alternative to transplantation in the treat-
ment of terminal heart failure in the context of the lack of donors and raising number
of patients on the waiting list. Although these systems have proved their efficiency
through a rigorous patient selection, the complication rate remains high and expe-
rience shows that many of them are related to haemodynamic modifications due to
VAD implantation. Furthermore, VAD themselves have been widely studied, while
the flow near the anastomosis VAD-aorta is still not well-known, although many
complications arise at this site. We present here the mathematical settings and some
preliminary results of a numerical model of the anastomosis between the outflow
cannula of left ventricular assist devices (LVAD) and the aorta.
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1 Introduction - The Clinical Problem

Heart failure is a clinical syndrome that expresses the inability of the heart to provide
enough blood to the organs in order to satisfy their metabolic needs. In other terms,
the pump is failing. The causes of heart failure are numerous (coronary artery dis-
ease and myocardial infarction, valvular disease, cardiomyopathy, myocarditis, to
mention a few) as well as their symptoms (e.g. dyspnea, fatigue, peripheral edema)
[8].

Within the population studied by the European Society of Cardiology (>900 mil-
lion people in 51 countries), heart failure prevalence is around 2-3% and affects at
least 15 millions patients [4]. In the USA, 2.5% of the adult population (5.7 million
people) suffer from heart failure and 670’000 new cases occur each year. Further-
more, prevalence is higher in the elderly - 6-10% of people older than 65 years.
Among the deaths reported in 2004, 292°000 were caused directly or indirectly by
heart failure. The estimated overall cost of heart failure in the USA in 2009 was 37.2
billion dollars [10].

The first line of the treatment of heart failure includes lifestyle modifications,
like sodium and fluid restriction, smoking cessation or weight loss. These are nec-
essary but usually not sufficient. The second line of treatment is the use of drugs,
like angiotensin-converting enzyme (ACE) inhibitors, angiotensin-receptor block-
ers, diuretics and f-blockers. Finally, invasive treatment includes cardiac resyn-
chronisation therapy, that consists in the implantation of a pacemaker (biventricular
pacing, with or without implantable cardioverter defibrillator) and transplantation
[14]. However, heart donors are scarce (2210 transplantations in 2007 in the USA)
and, in June 2008, 2607 patients were still on the waiting list [10]. An alternative
approach has been recently suggested in order to compensate the lack of donors and
to provide a treatment for terminal heart failure: the mechanical circulatory support.

Various types of mechanical circulatory support exist with different clinical in-
dications, but their goal is always the same: assist (or replace) the pump function of
the heart. They are classified as follows:

Intra-Aortic Balloon Pump (IABP)
Extracorporeal Membrane Oxygenation (ECMO)
Ventricular Assist Devices (VAD)

Total Artificial Heart (TAH)

IABP and ECMO are short-term assist devices (hours to days) while VAD and
TAH have an intermediate or long-term use (days to years). Depending on the indi-
cations, they can be considered as:

Bridge to transplantation, for patients on waiting list;

Bridge to recovery, as temporary circulatory support;

Bridge to decision, gives time to the clinician to find the best therapeutic option;
Bridge to eligibility, for patients initially ineligible for transplantation who be-
come eligible after VAD implantation, due to the normalization of several clinical
parameters,
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e Destination therapy, for patients who are ineligible for transplantation [20].

In this paper, we will focus on Ventricular Assist Devices (VAD) (see Fig. 1).
They can assist right, left or both sides of the heart, according to the underlying
pathology. Furthermore, they can deliver pulsatile or non-pulsatile flows, and they
can be paracorporeal, partially or totally implantable. It is important to notice that
newer, smaller, continuous flow pumps (e.g. see Fig 2) showed better results, as
reduction of complications, durability and mortality [21].

Fig. 1: The VAD HeartMate II. Reprinted with the permission of Thoratec Corpora-
tion.

All these systems have proved their efficiency through a rigorous patient selec-
tion. However, the complication rate remains high, e.g. [7], in particular they may
take the following form:

Bleeding (30%);

Thromboembolism (3-35%);

Infections (18-59%);

Right ventricular failure (20-30%);

Primary device failure (6% at 6 months to 64% at 2 years).

VAD as a destination therapy showed clinical benefits [20], however there is still
room for better outcomes and for a reduction of the costs, which, for the time being,
remain high [1].

As mentioned before, complications remain a major issue. Many of them are
related to haemodynamic modifications due to the VAD implantation. In fact, ab-
normalities in flow and shear patterns can lead to platelet activation and to the for-
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Fig. 2: Left Ventricle Assist Device, Reprinted with the permission of Thoratec Cor-
poration. The inflow cannula is inserted in the apex of the deficient ventricle and the
outflow cannula is anastomosed to the ascending aorta. Blood flow exits the ven-
tricle through the inflow cannula, is actively pumped by the pumping chamber and
goes through the outflow cannula to the aorta. A percutaneous drive line carries the
electrical cable to the battery packs and electronic controls.

mation of clots. In particular, regions of turbulent flow, recirculation and stagnation
have a high thrombogenicity. Finally, subsequent shear stress distribution on the
arterial wall can have short term negative effects (e.g. thrombus formation) and in
the long-term has an impact on arterial remodeling and atherosclerosis [13]. While
VAD themselves have been widely studied, e.g. [23] and [15], the flow near the
anastomosis VAD-aorta is still not well-known, although many complications arise
at this site.
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2 Methods and Results

The main motivation of this work is to describe a mathematical model that allows
a better understanding of the flow behavior occuring in the anastomotic region be-
tween the VAD and the aorta. When creating a numerical model, especially with
patient-specific data, the procedure comprises three stages:

e pre-processing (before the numerical simulation)

— data acquisition (DICOM images),
— geometry construction,
— mesh generation;

e processing (numerical simulation itself)

— set-up of mathematical equations for blood motion,
— set-up of numerical algorithms,
— parallel execution;

e post-processing (after the numerical simulation)

— analysis of results
— model validation.

A short description follows.

2.1 Pre-processing

For patients under ventricular assistance, the most frequent image acquisition method
is CT-scan (computed tomography), because it is fast and vessels can be seen us-
ing intravenous contrast. CT-scan uses X-rays that provide a set of bidimensional
images (slices) of a given region of the body (e.g. thorax, see Fig 3).

Unfortunately, the presence of the device, due to its metallic components, induces
a lot of noise and artifacts on images (See Fig. 4). Consequently the geometry of the
region of interest (outflow cannula of the LVAD, aorta and its branches) cannot be
reconstructed directly on the native image (this would indeed produce an aberrant
geometry). Therefore the images need to be cleaned by filters of various kind.

Treatment of images is performed by reducing the level window (i.e. focusing
only on a defined grey range) and enhancing the contrast of the greyscale image
using contrast-limited adaptive histogram equalization. In particular this filter allows
to enhance the differences between the vessel with contrast (the region of interest)
and the surrounding tissues (to be neglected in the segmentation). Then a gradient
anisotropic diffusion filter is applied to reduce the noise, resulting in a smoothed
image. Fig. 5 shows these different filters.

Having convenient images for segmentation, the geometry of the region of in-
terest can be reconstructed. The gradient of the previously treated images is then
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Fig. 4: CT-scan slice of a patient with a continuous flow LVAD at the level of the
LVAD itself. On the top of the image, the VAD itself and the inflow cannula that
connects the left ventricle to the LVAD. Note the noise and artifacts induced by the
presence of the device.
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4

(c) Enhanced image (d) Denoised image

Fig. 5: Effects of the different filters applied to the DICOM images, seen at the level
of the anastomosis between the outflow cannula of the LVAD and the aorta.

calculated and the watershed segmentation algorithm [22] is applied to the result.
To improve the obtained segmentation, mathematical morphology filters are then
performed and the final surface is extracted. All these steps are performed using
the InsightToolKit library'. These methods allow to reconstruct only the geometry
of the fluid, i.e., the volume inside the artery corresponding to the blood (the lu-
men). The arterial wall itself is usually not seen on DICOM images like CT-scan or
MRI, consequently its geometry cannot be directly reconstructed. Since we want to
perform numerical simulations that takes into account arterial wall deformation (i.e.
the so-called Fluid-Structure Interaction, FSI), we have to artificially reconstruct the
arterial wall, assuming that arterial wall thickness is proportional to the local vessel
radius [9].

! www.itk.org
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Finally we used the library vmtk?® to create meshes for the fluid (blood) and
structure (arterial wall, outflow cannula) and to a-priori identify the boundary layers.

(a) Geometry of an healthy aorta obtained (b) Geometry of the fluid domain (the lumen).

from a CT-scan exam.
(e) Left subclavian

‘ (d) Left common carotid F"\
| (c) Brachiocephalic trunk /

(b) Ascending aorta

‘ (a) VAD outflow canula ‘

‘ (f) Descending aorta ‘

(c) Grid of the fluid domain. (d) Grid of the arterial wall.

Fig. 6: Geometry and computational grids.

2 www.vmtk.org
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2.2 Processing

We aim at modeling the flow in the whole computational domain in Fig. 6 (com-
prising (a) cannula, (b) ascending aorta, (c) brachiocephalic trunk, (d) left common
carotid, (e) left subclavian, (f) descending aorta) by a fluid-structure coupled prob-
lem. More precisely, the blood flow in the lumen is described by the Navier-Stokes
equations for a Newtonian fluid in the Arbitrary Lagrangian Eulerian (ALE) frame
of reference [16], while the arterial wall is modeled by a 3D elastodynamic equa-
tion. The same model is adapted for the artifical cannula (which is made of woven
polyester), the only difference in our model being represented by a larger Youg
modulus, corresponding to a higher stiffness.

Let Q¢ and £ be the reference domain for the fluid and the structure, respec-
tively, and I'rs; = 0. QN d €y the fluid-structure interface. In the case at hand, Q(r)
is in fact the lumen of the whole domain in Fig. 6 (comprising the cannula, the aorta
and its branches) whereas Q;(¢) indicates the arterial and cannula walls. At every
time 7 > 0, the current configuration of the fluid domain, £(¢), is given by the ALE
map

/A .Qf—>Qf(t)
X = a(x) =x+d(x),

where d is the displacement of the fluid domain, therefore Q¢(¢) = 2% (£2y,t). Prac-
tically dy = Ext(dy|r;, ), where d is the solid displacement and the extension Ex (-)
is an harmonic lifting (or extension) operator from I g to 25 (see [6]).

The Navier-Stokes equations are coupled with a linear elastic model describing
the structure’s behavior [6]. The partial differential equations modeling the fluid and
the structure are:

pfatu—kpf(u—w)-Vu—Voy =0 in.Qf(t),
V-u =0 inQ(t),

psands—V'H:O in QS)

and the coupling at the fluid-structure interface is expressed by the continuity of the
velocity, the equilibrium of the stresses, and the geometric adherence:

u = Jd;d on I (1),
IIn, = —Jfo(Ff)_Tnf on Ipgy,
df = E)Cl(dsh"”[)7 W= 8,df in .Qf,

Here: u =u(x,) is the fluid velocity, p = p(x,) the pressure, w = w(X,?) = d;d the
domain velocity; d; the partial derivative with respect to the time; p; and p, the fluid
and solid densities; oy = o7(u, p) = —pI+ pe(u) the fluid Cauchy stress tensor, p
the fluid dynamic viscosity, €(u) = (Vu+ Vu’)/2 the strain rate tensor, and IT =
II1(ds) the first Piola-Kirchhoff stress tensor of the structure. Moreover F; = V.27
is the fluid domain gradient of deformation, J; = detF the jacobian, ny and n; the
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outward unit normals to the fluid and solid domains. Additional condititions on the
external boundary are necessary to close the equations.

Regarding the numerical approximation, we use here a geometry-convective ex-
plicit (GCE) time discretization of the 3-D FSI problem [3]. It means that both the
convective field and the fluid computational domain are extrapolated from the previ-
ous time step. The other terms are treated with a first order backward Euler scheme.
These equations are discretized in space by a [P;-P; Finite Element method stabi-
lized by interior penalty. This implies that the Navier-Stokes equations are reduced
to a linear problem at each time step. The equations for the structure are also linear,
requiring no special treatment. Due to the explicit treatment of the geometry, the
discrete coupled problem is linear. It can therefore be solved by a GMRES method
preconditioned by overlapping algebraic Schwarz preconditioners based on an in-
exact block factorization of the system (see [3]).

The software used is based on LifeV (www.lifev.org), a parallel finite element
(FE) library providing implementations of state-of-the-art mathematical and numer-
ical methods. It has been used already in medical and industrial marks to simulate
fluid structure interaction and mass transport processes [3]. The kind of simulations
we are interested in are very heavy in term of computational costs, therefore su-
percomputers like the Blue Gene/P (IBM) or Cray XT or XE series are necessary
[2].

2.3 Post-processing

Post-processing of the data is also an important issue since the solutions given by
the simulations are heavy in terms of data size. Therefore critical parameters have
to be carefully identified in order to provide a relevant and meaningful analysis of
the results both from the mathematical and clinical points of view. Their description
with respect to the model that is applied is made in chapter 3. We used ParaView
3 to perform the post-processing of the data. It allows to analyze results both in a
qualitative (e.g. flow pattern at a given location) and quantitative manner (flowrate
at a given vessel).

Finally the model has to be validated. We are currently performing in vitro val-
idation. It is conducted by comparing values obtained with the in vitro model with
the in silico one, based on the same geometries and input parameters, using the PIV
(Particle Image Velocimetry) method.

3 www.paraview.org



Connecting Ventricular Assist Devices to the Aorta: a Numerical Model 11

3 Results

We present here preliminary results of our numerical simulations. On a background
of a network made of the coupling of 1D models for the systemic vasculature [5],
[11], and [19], we overlay a 1D model for the cannula on the ascending aorta. This
model has the advantage to have a low computational cost; simulating 6 heartbeats
takes typically 8 hours using 8 processors (64 CPU hours). It also allows to evaluate
the systemic effects of the LVAD. As a drawback it cannot evaluate local tridimen-
sional features, e.g., the zones of flow recirculation or stagnation at the anastomo-
sis site, nor the charge loss due to the anastomosis. Fig. 7 shows the flowrate and
pressure at several critical arteries. Note that it is possible to evaluate pressure and
flowrate at the main arteries.

Time: 1.100 (s) Pressure (dyn/cmA2)
\ y 8e+4 1e+5 le+5 le+b 2e+5
. J | -
Flowrate at the inflow canula 65000 29+5

Flowrate at the left common carotid

1
E
= 05
0
1

0 05

15 2 25 3 35
time [s]

Flowrate at the left renal artery

08

08
€
204

Pressure at the left coronary artery 02

0 05 1 25 3 35

15 2
time [s]

Flowrate at the left common iliac

LifeV Jean Bonnemain @ CMCS

Fig. 7: Arterial tree model composed by 1D elements.

We then enrich our model by using a 3D model of the region depicted in Fig. 6
comprising the connection of the outflow cannula, the aorta and its branches. Its
coupling with a 1D model of the entire cardiovascular system (see Fig.8) yields a
geometric multiscale model [11], [12], [18], and [17]. The advantages of using such
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a multiscale model are numerous. In particular it is possible to evaluate the local
effects of the insertion of the LVAD (with the 3D model) and evaluate its interac-
tion with the cardiovascular system (with the coupling with the 1D model). The
drawback is its elevated computational cost. E.g., using 64 cores on an IBM Intel
Nehalem cluster composed by blades containing two quad-core 2.66 GHz nodes
each, takes 72 hours to simulate 3 heartbeats (corresponding to as many as 4608
CPU hours). In particular, Fig. 10 shows secondary flows and stagnation zones in
the region of anastomosis. In this case the aortic valve is closed and all the inflow
comes from the cannula of the LVAD.

Time: 0.300 (s)

Pressure (dyn/cmA2)
160000

2e+5

le+5

le+5

m‘H\HHH‘!\HHH‘HHHH
o
®
+
N

50000
LifeV

Fig. 8: Multiscale model. Arterial tree composed by a 3D FSI model for the domain
of Fig. 6 and by 1D elements for the remaining circulation.



Connecting Ventricular Assist Devices to the Aorta: a Numerical Model 13

Time: 0.300 (s)

*

Pressure dyn/cmA2

1 .32e+05‘ L ‘1 i 3‘ée+05 1 .‘A‘OeTO‘5‘ ‘ 1 .‘44e+05
_ | H I
1.30e+05 1.45e+05

LifeV

Fig. 9: Multiscale model. Focus on the 3D FSI model and its coupling with 1D
elements. The stars denote the coupling interfaces.

4 Conclusion

This work represents the first step towards a clinical tool for patient-specific opti-
mized VAD implantation. In that sense, we join the idea of the well-known expres-
sion: from bench to bedside.
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Time: 0.150 s. / Walll shear stress (dyn/cmA2)
: 10 20 30
s ARRTRR L aR R

0 40
Velocity (cm/s)
100
0 200 LifeV

Fig. 10: Multiscale model. Focus on the 3D model showing the streamlines and the
wall shear stress distribution (WSS), posterior view.

More specifically in this study we have focused on the anastomosis of LVAD
to the aorta. The techniques we developed allow us to run patient-specific simula-
tions giving the opportunity to understand the behavior of the blood flow near the
anastomosis and the interaction between LVAD and the cardiovascular system in
a complete non-invasive way. In the long run, hopefully this will open the way to
predictive surgery.
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