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1 Introduction

Abdominal aortic aneurysms (AAA) is a pathology that cause 1 to 3% of the deaths among men aged between
65 and 85 in developed countries. By aneurysm it is meant an irreversible localized dilatation of a blood
vessel. In the case of AAA, this dilatation is located in the region of aorta between the renal arteries and
the iliac bifurcation. The maximal section of the aneurysm has a diameter between 15 and 24 cm, which is
above 1.5 times the normal diameter of the abdominal aorta. The major risk associated to AAA is rupture,
often caused by traumas, which leads to death in 65% of the cases [1].

Since open repairing of AAA is an invasive procedure, a number of alternative treatment options have
been proposed. Among these, endovascular aneurysm sealing (EVAS) is a technology that has evolved during
the last 3 to 5 years and consists of filling the AAA sac with a polymer (called sealing). The Nellix! EVAS
device used for intervention consists of two identical catheter-based devices with a 10mm flow-lumen created
by two baloons-expandible stents. The two stents are fixed within the aneurysm using endobags which are
filled with a polymer that adapts to the geometry of the aneurysm [2]. Therefore, once the intervention
has ended with success, the lumen of the aneurysm is filled by the sealing and the blood pumped by the
heart reaches first the region above the aneurysm (called neck), flows through the stents and continues its
physiological flow in the iliac arteries. Figure 2 represents the device once it has been placed.

However, EVAS is still an experimental procedure, therefore needs further validation. In this context
numerical simulations may be a suitable tool to predict what consequences the device has on the blood flow
once it has been placed.

The first aim of the present project is to set up and run numerical simulations of the blood flow in a
section of abdominal aorta in two situations:

e Pre-operational setting, i.e. in presence of a developed aneurysm before intervention;
e Post-operational setting, i.e. after intervention, once stents and sealing have been placed.

Secondly, results obtained from the simulations are post-processed to obtain a quantitative comparison
between the pre and post-operational conditions. In particular, the quantities of interest considered are:

o wall shear stress (WSS), its time average (TAWSS), oscillatory shear index (OSI) and endothelial cell
activation potential (ECAP) (whose exact definition and physical meaning are given in the next section)
are computed to quantify the impact of the EVAS device on the neck and in particular determine if
its presence may cause pathologies such as the formation of intraluminal thrombi;

e pressure drops between abdominal aorta and iliac arteries are compared between the pre and post-
operational setting. The relevance of this quantity can be noticed drawing a parallelism with the study
of stenoses (i.e. an abnormal narrowing of a blood vessel), in which a key descriptive parameter is the
pressure drop between an upper healthy section of the vessel and the stenotic region.

2 Mathematical model and quantities of interest
The mathematical models presented in this section are mainly based on [7], [8].

2.1 Navier-Stokes problem

The physical model employed to describe the flow of the blood is the one of incompressible Newtonian fluids.
Incompressible Navier-Stokes equations are therefore employed to determine the velocity field w and pressure

Thttps://endologix.com /international /products/nellix/



Figure 1: On the left, a scan of an abdominal aortic aneurysm obtained with CTA, on the right a 3
dimensional reconstruction of its geometry. Source: [4]

p of a fluid flow as a PDE which, in a general setting, has the following form:

p%—?—i—pu-Vu—V-a(u,p):fian [0,T7,

V-u=0inQx[0,7],

u=gp on'p x[0,T], (1)

0

a—:‘l =gy on Ty x [0,7],

u = ug on  x {0},
where Q C R? is a spatial region with piecewise smooth boundary I' and T € R is the final time. Let
I =TpUTly with TpNTx = 0, i.e. the boundary of € is partitioned in two regions where Dirichlet
and Neumann boundary conditions respectively are enforced (here denoted respectively by gp and gn

respectively). p € Ry represents the density of the fluid and f a forcing term. The quantity o (u,p) is the
stress tensor defined as:

o(u,p) == —pl +2uD(u) (2)

where [ is the two-rank identity tensor, u € Ry is the dynamical viscosity (constant from the assumption
that the fluid is Newtonian) and D is the rate of deformation (or strain) tensor:

1
D=5 (Vu+ Vul)

Finally, ug represents the initial condition of the problem.

2.2 Weak formulation of the Navier-Stokes problem
In view of the finite elements approximation of the problem, we consider the following linear spaces:
Vy = {ve{H' ()} vr, =gp}, Voi={ve {H' ()} 1w, =0},

Q := L*(Q),
Vo=V xQ, Vo=V xQ



Figure 2: On the left, the Nellix stents deployed within a ruptured infrarenal aneurysm, with the endobags
not inflated. On the right, the Nellix device fully deployed with hemostatic control of the rupture and
perfusion to both limbs. Source: [2]

and the weak formulation of (1), which reads:

vVt € (0,7, find U(t) = (u,p) € Vy
0
(pa—?, v) + (pu - Vu,v) + (u(Vu + Vul), Vo) — (p, V- v) + (V - u,q) =
:(fvv +(gNav)FN VVZ(”vQ)EVm
with ©(0) = uo

where (-, ) represents the scalar product of H'(Q) and (-,-)r, the scalar product on H=(I'y).
The previous weak problem can be written in a more compact way as follows:

Vt € [0,7], find U(t) = (u,p) € Vy :
(U, V)+ax(U,U,V)=F(V) YV = (v,q) € Vo (4)
with ©(0) = uo.

where, considering W = (w,r) € V,,

(U, V) = (00 )+ (u(Vut Vu"), Vo) — (5, V -0) + (V- 20.0),
ax(W,U,V) := (pw - Vu,v), (5)
F(V) = (£.0) + (g v)r-

This splitting of the left-hand side of (4) is meant to highlight the presence of a linear term (a;) and a
nonlinear term expressed through a trilinear form with two identical arguments(as).

2.3 Description of the domain and of the boundary conditions

Figure 3 depicts the domains of the pre and post-operational problems (actually, the computational mesh
that are used for the numerical simulations). The geometry of (the surface of) the pre-operational problem
is composed of 3 regions depending on the kind of boundary condition that is enforced on them:

e INLET (in figure 3, the top surface): non-homogeneous Dirichlet boundary condition. This boundary
condition models the blood flow on this surface;
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Figure 3: Computational meshes used in the simulation. (a) and (b) represent the pre-operational mesh
from two perspectives, (c¢) and (d) the same for the post-operational mesh with a partial opacity to display
the internal structure of the domain.

e WALL (the mesh of the aorta wall): homogeneous Dirichlet boundary condition. This region, which
represents the interface with the aorta wall, is assigned a no-slip boundary condition;

e OUTLET (in figure 3, the bottom surfaces): homogeneous Neumann boundary condition. This (dis-
joint) region represents the interface between the domain and the continuation of the iliac arteries.

As for the post-operational mesh, the geometry is slightly more complex:
e INLET: as in the pre-operational problem;

e WALL1, WALL2, WALL3, WALL4: homogeneous Dirichlet boundary condition. These regions, which
represent the stent above and below the top sealing surface (respectively WALL1 and WALL2), the
interface with the aorta wall (WALL3) and the interface with the sealing (WALL4), are assigned a
no-slip boundary conditions;

e OUTLET: as in the pre-operational problem.

It is remarked that the regions of boundary WALL in the pre-operational mesh and WALL3 in the post-
operational one are approximated by a rigid surface, while in reality the compliance of the vessel’s wall
has an effect on the blood flow (see the final section for more details). As a consequence, also the no-slip
boundary condition enforced on these surfaces is an approximation. By contrast, the no-slip boundary
condition defined on WALL1 and WALL2 represents more precisely the physical problem, as these surfaces
can be considered rigid.

As for the non-homogeneous Dirichlet boundary condition (the same in both pre and post-operational
problem) mentioned above, a Womersley velocity profile [6] is chosen to prescribe the velocity field on
INLET (in both pre and post-operational settings). This analytical description of a velocity field driven by
a pulsating pressure gradient in a cylindrical vessel is a function of several non-dimensional quantities and
can be easily expressed as a function of the flow-rate of the velocity fields. More precisely, it can be defined
as:

w:0x[0,T] »R?
w(p, 1) = L@ (1_ JO(W%)) (1_ NLU)) -1 o
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Figure 4: Plot of the Womersley profile at different times as a function of the adimensional radius v (the
velocity profile has radial symmetry). All the parameters of the velocity profile are chosen as in the numerical
experiments described in the following sections. In particular, the flow-rate is the one depicted in figure 6.

where O is a section of the vessel (approximately a circle of radius R) on which we fix a polar coordinate
reference system (p, #) (the expression of w does not depend on ), Q(t) is the flow-rate of the blood through
© or, more precisely:

(7)

w = 2rf is the "angular frequency” of the pulsating periodic flow (f is the frequency of the pulsation),
R%w
and Jp and J; are Bessel functions of the first kind. We remark that in (6) the real part of the expression
is considered. Figure 4 shows a plot of a typical Womersley velocity profile at different times during a
heart-beat.

The homogeneous Neumann boundary condition on OUTLET is chosen to fix the value of p (which
otherwise would be unique only up to a constant) in the (disjoint) region of boundary OUTLET (in both
pre and post operational problems). It must be remarked that this choice is an approximation. Indeed, the
two disjoint regions that constitute OUTLET neither lay on the same place nor are at the same z-coordinate
however, due to their proximity and similar orientation, this approximation can be accepted.

The initial condition is chosen as uy = 0 on {2, since no physically relevant initial condition is available.
We remark that because of this choice the simulation will present a ”false” transient component linked to
the incorrect initial condition. However, this transient component is assumed to rapidly decays and after a
time equal to one or two heart beats the solution can be considered not influenced anymore by the incorrect
initial data.

Finally, it should be remarked that the portion on boundary WALL1 differs from the others for its
property of being ”internal” (i.e. the interior of the domain €2 lays on both of its sides). This situation arises
from the fact that, due to its negligible thickness, the surface of the stent is ”collapsed” to a cylindrical
surface (shell). This approximation does not have consequences on the simulation as homogeneous Dirichlet
boundary conditions are enforced in this region. Indeed, if the stent is not approximated as a shell, we can

o= is a non-dimensional parameter called Womersley number, y := % is the non-dimensional radius



consider its internal and external surfaces F%,Vl and F%,Vl. Then, the boundary integral that arises in the
derivation of the weak problem (3) can be written, in this region, as:

/ pn — Va—u - vdoQ) + / pn — Va—u - vdof
I on 2 on
w1 w1

and its value is 0 due to the fact that v € V. For the same reason, also reducing the number of degrees
of freedom of the finite elements solutions (that will be described in the next chapter) does not have any
consequence.

2.4 Quantites of interest

As mentioned in the previous section, there are some quantities that can help to quantify the difference
between the pre and post operational settings and that are described in this section. This section is partially
based on [4].

Wall shear stress (WSS) is defined as:

Tw(x,t) :=on — ((on) -n)n VY € 9Q,t € [0,T] (8)

where o0 = o (x,t) is the stress tensor defined as in (2) and n = n(x) is the outward normal unit vector to
0. If computed at the interface of the fluid with a surface, taking n(x) as the normal unit vector to the
surface, WSS can be interpreted as the shear (i.e. parallel to the surface) force exerted by the fluid on the
surface. WSS is computed on the whole section of abdominal aorta in the pre-operational setting and on
the upper section of the blood vessel in the post-operational one to asses whether or not the presence of the
stent causes the upper section of the abdominal aorta to be subject to pathological stresses.

As WSS is a function of time, it could be synthesized further through a time-average (TAWSS):

T
TAWSS () % / E—
0

being T here the period of the heartbeat.
Oscillatory shear index (OSI) is defined as follows:

OSI(x) =3 A €N
fO |Tw| dt
and assumes its maximum (0.5) in regions where the flow’s oscillatory behavior is dominant compared to
its intensity. For instance a purely oscillatory motion will give an OSI of 0.5 while an unidirectional flow in
a regular geometry will give OSI= 0.
It is desirable to locate the regions of the vessel wall that are subjected to high OSI and low TAWSS
(therefore where on average the flow varies direction frequently and where its magnitude is small), we define
the following quantity that, following [4], is called endothelial cell activation parameter (ECAP):

O8I

The relevance of this quantity comes from the fact that regions with a high ECAP are those that, on the
long term, have higher probability of manifesting intraluminal thrombi.

Finally, pressure drops are computed between INLET and OUTLET in both pre and post-operational
settings taking averages of pressure over these regions, i.e.:

1 1

Ap p(x, t)dE p(x, t)dE.
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3 Mesh generation

The pre-operational surface mesh is obtained from medical images (MRI) through application of segmen-
tation techniques. Flow extensions (i.e. cylindrical regions located at the ends of the mesh) are added to
facilitate the imposition of boundary condition and reduce the dependence of the numerical solution on the
model used to describe boundary conditions (in this case the Womersley flow model for the inflow).

The post-operational mesh consists of the region where the blood flows once the EVAS device is placed.

A schematic representation is given in figure 5 (a). Its surface is obtained from the pre-operational mesh
first using filters of Paraview?, then re-meshing it with Gmsh?3, which is also used to obtain the volumetric
mesh.
More specifically, meshes for the tubes that represent the stents of the medical device are generated from
splines running from the neck of the aneurysm to each of the iliac arteries. The tubes are then built around
the splines using a fixed diameter chosen to match the maximum diameter that can fit both iliac arteries.
After this, the pre-operational mesh is clipped to obtain a surface that only encloses the region of lumen
above the sealing. Next, a new surface is generated taking the difference of the surface of the region above
the sealing with the two tubes. Then, starting from this surface and the tubes, three volumetric meshes are
obtained (figure 5(b)) and eventually assembled into the final computational mesh. To obtain a conformal
mesh, care must be taken to generate the same surface grid for the volumetric meshes that will be merged in
the assembling phase. More precisely, surface meshes must be the same up to the tolerance of the function
of the software used to perform this operations (in the present case, Gmsh).

Some remarks must be made about the post-operational mesh. The fact that several part of the domain
(tubes and interface with the sealing) are obtained ”artificially” and not through medical data may pose
limitations to the comparison with a real blood flow. More specifically, while in the actual EVAS device
stents are placed one next to the other, the post-operational mesh is composed of two tubes separated by a
small gap. Secondly, the length of the section of the tubes that is not surrounded by the sealing is sensibly
longer than in the real device. Thirdly, the top surface of the sealing is approximated with a plane.

The approximations listed above are motivated by the fact that segmenting the surgical device (especially
the surface of the sealing) from medical images is still a problematic task.

Finally, we remark that despite these geometrical approximations the current mesh contains all the char-
acterizing (geometrical) features of the problem. Moreover, in case post-operational images were available,
the centerlines of the tubes (splines) could be defined starting from these, then the rest of the mesh could
be built following the same procedure described above.

4 Numerical scheme

The weak problem (3) is approximated (in space) through a finite elements scheme with either VMS-LES
(Variational Multi Scale - Large Eddy Simulation) stabilization or SUPG. Then, a fully discrete scheme is
obtained through a further discretization (in time) which, in this case, is performed using a semi-implicit
BDF scheme with extrapolation using Newton-Gregory polynomials. This section, based on [8], present a
step-by-step derivation of the fully discrete scheme that is used in the simulations.

4.1 Finite-elements approximation

Let us first introduce the Galerkin approximation of (3). Consider Vg}ﬂ V) and Q" finite dimensional
subspaces of V,, Vp and @ respectively and V;‘ = Vgh x Q" Vb := VJ* x Q". The Galerkin approximation

2https://www.paraview.org/
3http://gmsh.info/
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Figure 5: (a): Schematic representation of (a section of) the post-operational surface mesh; (b): represen-
tation of the three volumetric meshes to be assembled. In red and green the the subsets of the boundary
where meshes must "match” to obtain a global conformal mesh.

of (3) reads:

vt € (0,7, find U™(t) = (u",p") € V' :

h
(P )+ (- Tl o) (T (Vu)T), Vo)~ (o, 9 - 0) 4 (V) =
— (fh, vh) + (g?v’ 'U}L)FN VV” — (vh7 qh) c V(;L,

with u”(0) = ul

9)

or, more synthetically as in (4),
vt € [0, 7], find U™ (t) = (u",p") € V' :
a(U", V") +a(U" UM VM) = F(V")  wWh= (" ¢") eV} (10)

with u”(0) = uh,

where ay, ag and F are defined as in (5), and f", h® and ul are suitable approximations of f, gy and ug
respectively.
Secondly, the finite elements approximation of (3) is performed choosing the following linear subspaces:

Vo = {X0 V() 1= {X0 N Vo(n), Q" == X1 N Q(Q)
being 2, the union of the elements of a triangulation 7 of Q and
X"MQp) = {v e CO%Q,) 1 v, e P'(K) VK € T}

the linear space of piecewise polynomial functions of degree r on each element K of Tj,.

4.2 VMS-LES stabilization

The VMS-LES stabilization of the problem is introduced by first considering a new linear space for the
solutions:

y=ViaV,



where the finite elements space V" represents the ”coarse scale”, while V' represents the ”fine scale” of the
solution. Therefore, we have a decomposition of the solution and the test functions of (10) as:

u=u"+u,
p=p"+7,
v=v"4+v,
g=q"+4q.
The fine-scale components of the solution are modeled as follows:

u' = =7y (u)ras(u, pt),

P = —1o(uM)re(u)

where r); and r¢ represent the strong residuals of momentum and continuity equations respectively and 7,
and 7¢ are stabilization parameters chosen as follows:

1
2.2 2 2 -2
h ap P h2 M
= = 2 o)
T™ TM(U) <At2+hiu| “rh%( >
h2
_ hy _ k
TC—TC(’LL ) TM(uh)

where o is the order of the time discretization (a constant), At is the time discretization step, hy is the
upper bound of the diameter of the element K € 7;, and C, := 60-2"~2 is a constant obtained by an inverse
inequality relation.

Finally, the VMS-LES semi-discrete approximation of Navier-Stokes equations reads:

Find Uh(t) = (uh,ph) € V;L :

a (UM, VM) +ag(U", UM, V) 4 al (U, V) = F(VR) wVh = (vh ¢h) e Vb (11)

with u”(0) = ul,

with
ayrs(U", V) = (Puh Vo' 4 th,TM(Uh)TM(Uhvph)) +

— (V0" re(u)re(uh) +
+ (pu” - (VuM) T rar (u)rar(uh, p")) +
— (Vvh,TM(uh,ph) ® TM(uh)rM(uh7ph)) .

The first two lines correspond to the SUPG stabilization, the last two are characteristic of the VMS-LES
stabilization.

(12)

4.3 SUPG stabilization

An alternative to the VMS-LES stabilization presented in the previous section is the streamline upwind
Petrov Galerkin (SUPQG) stabilization [9]. The finite elements approximation with SUPG stabilization can
be written as (11):

Find U"(t) = (u”,p") € VZ; :
a(U", V") + ax(U", U™, V") + aly pe(U", V) = F(V?) vV = (0", ¢") e V) (13)
with u"(0) = ul,
where al, ), ¢ is substituted by:
abypa(U", V) = (pu" - Vol + V" ma (e (b, p")) +

— (V <", Tc(uh)'rc(uh)) (14)

10



using the notation introduced in the previous section. Observe that (14) consists of the first two summands
of (12).

On one side, applying the SUPG stabilization leads to not as accurate results as VMS-LES (which also
models the effect of a ”fine scale” solution on the large scale one), on the other the former is computationally
cheaper than the latter. This trade-off will be discussed again in section 6.

In the following section a fully discrete formulation of the problem is presented starting from the semi-
discrete problem with VMS-LES stabilization. The equivalent SUPG-stabilized fully discrete formulation
can be obtained eliminating the terms that arise from the summands in (12) that are not in (14).

4.4 Fully discrete problem through semi-implicit BDF scheme and second order
extrapolation

A fully discrete approximation of the Navier-Stokes equations is achieved performing a discretization of the
time-derivative of w". To this end, the interval [0, 7] is split in N € N bubmtervalb of length At = L each,
divided by the N + 1 temporal nodes t,, := n - At Y0 < n < N. The valued of u" is denoted u! := uh(t )
and pj; := p"(tn).

A BDF (Backward Differentiation Formula) scheme is chosen to perform the time discretization. The
approximation of the time-derivative of u” can be expressed by a general formula:

h h h
Ju ~ YoUpy1 — UpBpps

ot At

where the parameters o, and w5, depend on the order of the BDF scheme o. For instance for BDF2 we
have ap := 2 and u”pp, == 2ul — ful_| if n > 1. As it can be seen in the case of BDF2, BDF schemes
are multi-step methods and the number of steps and the order of convergence are equal to its order o.

Applying this time discretization to equation (11) at time ¢,41 a nonlinear system of equations in the
unknowns ! 41 and ph 41 is obtained. This could be solved numerically with a fully implicit approach,
which has the advantage of yielding an unconditionally stable scheme, for example through Newton method.
However, the downside of implicit schemes is their possibly prohibitive computational cost.

Therefore, with the aim of containing the computational cost associated to the simulation, a semi-implicit
BDF scheme is considered. In particular, nonlinear terms depending on u” |, p"_ | are extrapolated through
Newton-Gregory backward polynomials. These extrapolations read, for the order 2:

h o h h
unJrl,o = 2un —U,_q,

h R h h
Pnti1,0 = 2pn — Pn-1>

with n > 1.
Thus, first applying an order ¢ BDF approximation of the time derivative and then an extrapolation of
the same order on the nonlinear terms, the following problem is obtained at time ¢,,41:

Find (u n+17pn+1) € Vh

h h
QoUp 1 — Uy BDFo
P ( = AL = 7’Uh> + P(“Z-H,a : Vuz+1,vh) + (N(V“ZH +(Vaul )", Vo) +

h h h h
—(pn+1,V-’U )+(V°un+1vq )+
+ (Pun+1 . V' + Vg, n+1 7 n+1 U(“Z+17PZ+1)) (V v, 8+1"’rc(u2+1)) +

h T n+1 o n+l,o h h n+1,0 An+1 o n+1l,0 =n+1,0 h h
+ (Pun+1,a (Vo")", ™ Twm (un+1’pn+1)) (V'U » T DTy T T (un+1apn+1)) +

h h
n+1 o An+1 o n+1,0 un+1 h n+1 o n+l,o0 h h n+1,0 n,BDFU _
(V” QT TP At ) + <VU o Tar T (U1 Pryt)) © Ty P~ Ar ) =

= (fnt1s Uh’) + ((gn)n+1, 'Uh)FN§
with u"(0) = ul;

11



where ul__ 115 ..,ul are given, f,i1 := f(t,41) and the modified stabilization parameters and residuals

read:

1
2 2 2 2 -3 2
Tn-i—l,o _ (U 4 + P |’LLh |2 + H C ) 2 o = hk .
M - 2 722 1%ntl0 4 - ) ~ nfloo
At hy, hy T
n+l,0/ h h aa“ZH - “Z BDFo h h h h
rar 0 (Uni1s Pagr) =P Al +pUpi1 o VU + Vg — pAugy oy — fria;
~n+lo . n+lo/ h h .
Ty =Ty (un+1,a7pn+1,o')7

~n+1,0/, h h W h h h h
M (un+1»pn+1) =PUpt 6 Vu, 1+ Vpa o — MAunH — Frng1-

h

This way a linear system is obtained at every time-step for the unknown vectors u,; , ; and ph 11 However,
it must be remarked that this scheme, unlike the fully implicit ones, is not unconditionally stable, therefore
particular attention must be taken in choosing the time-step.

Finally, some remarks about the method presented in this chapter:

the choice of finite elements spaces for velocity and pressure of type P; — P; (where i € N) leads to
spurious modes for pressure in mixed problems approximated with classical finite elements due to the
fact that the discrete inf-sup condition is not satisfied. However, thanks to the VMS-LES (or SUPG)
stabilization, this choice of finite elements space leads to satisfactory results;

in general, a semi-implicit BDF scheme of order n has order of convergence O(At™) only if extrapolation
is of order n or bigger, as a lower order extrapolation, say m < n, would cause the method to have
only a O(At™) convergence order.

5 Implementation

The numerical scheme described in the previous section is implemented in the module navier_stokes_blocks
of the finite elements library LifeV* for the parallel solution of PDEs. This code is employed to run simu-
lations of the problems addressed in the project. The code of a test of the navier_stokes_blocks module
is used as the starting point for the development of the simulations on the blood vessel domain in pre and
post-operational conditions. However, some modifications are needed to adapt it to the current problem. In
particular:

scaling of the mesh: the mesh, originally in mm, is scaled of a factor 1/10 (thus obtaining a mesh
in em) to adapt it to the desired dimension of the solution (i.e. < for the velocity and gfnﬁ for the
pressure);

imposition of boundary conditions on the ”internal” boundary: as mentioned in section (2.3), the
region of boundary WALL1 is ”internal”. As the current version of LifeV does not allow to impose
boundary conditions on this kind of region through the standard methods used to handle boundary
conditions, these are imposed through the use of other methods of the same classes. Particular care is
taken in making the resulting code suitable for the parallel implementation with OpenMPI;

class VelocityProfile: as the Womersley profile is a function of geometrical properties of the domain (i.e.
radius, center and unit outward normal vector to the section of domain where they are imposed), a class
called VelocityProfile is added to store information about this boundary condition. In particular, it
stores geometrical information on the mesh through static class members and manages the analytical
functions describing the Womersley profile and the flow-rate (as defined in (7)) through two class
methods. The flowrate function, shown in figure 6, is computed using the Curve fitting toolbox®
of Matlab interpolating sampled values from the literature [5]. More precisely, a 7th order Fourier
expansion over the time interval [0, 0.8s] is employed;

4

www lifev.org

Shttps://ch.mathworks.com/help/curvefit/
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Figure 6: The flow-rate employed in the simulations, as a function of time. Triangles represents the inter-
polated samples.

e exporting of the solution every fixed number of time-steps (given through datafile). This option also
takes into account the fact that BDF methods are implicit, therefore need as many initial values as
their order to start a new computation;

e restart procedure: as the execution of the simulation on supercomputers may reach the maximum time
allocated, a procedure is needed to start a new simulation from the results computed in the previous
one. To this end, the code is added the option (that can be selected through datafile) to import from
an HDF5 format file as many final results as needed by the BDF solver (i.e. as many as the order of
the BDF scheme);

e validation of parallel implementations: for every new feature added to the code, results of parallel and
serial runs are compared on simplified problems to assess whether or not they produce the same results
(up to the tolerance of the linear system solver). Results are compared using filters of paraview to
produce time-plots of the error, expressed as (e.g. for pressure):

o fQ [ps — ppldS2
) = o T Ipan

where ps; and p, are numerical approximations of ps — p, computed in serial and parallel, €2 is the
domain and [Q] is its size. With the same approach an error over the velocity field is defined, simply
taking the modulus of v, — v, instead of p in the previous definition.

e computation of WSS, TAWSS, OSI and pressure drops: after the simulation is run, its results are
post-processed to compute the quantities described in section 2.4. This task is performed by a function
that first imports the simulations results, then computes the quantities of interest and finally exports
them to a new file;

e ECAP: values of ECAP are computed and visualized using filters of the visualization software Paraview;

6 Results

Simulations are performed using computational meshes with 420’303 and 264’530 vertices for the pre-
operational and post-operational simulation respectively. The different number of vertices is due to the
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different volume of the two domains (larger for the pre-operational mesh) and the grid size. The grid size
is smaller for the post operational case (if we consider only the neck of the aneurysm in the two cases, it
contains 102’446 vertices for the pre operational mesh ,170’606 for the post-operational one) to be able to
mesh the narrow gap between the neck and the stents.

As for the physical parameter of the simulation, the density of the blood is fixed to p = 1.06 - 1072 -2

cm?3

and the dynamical viscosity to v = 3.3- 10’2¥. As for the space discretization, P; — IP; finite elements are
chosen while for for the time discretization an order 2 BDF scheme is selected with order 2 Newton-Gregory
extrapolation. Boundary conditions are assigned as described in section 2.3, in particular the flow-rate used
in the definition of the INLET boundary condition is the one depicted in figure (6).

Running the simulations on clusters shows that the computational cost using the VMS-LES stabilization
is excessively high, therefore we opted for the SUPG stabilization. For instance, table 1 shows a comparison
between the two stabilizations in the cases of a serial and two parallel runs on two and four processors. It
can be seen that in the serial case VMS-LES takes more than 5 times the time of SUPG. In the parallel
cases this ratio reduces, however the speed-up between 2 and 4 processors is sensibly smaller than the one
between one and two. Moreover, while for SUPG assembling the stabilization term takes less than a half
of the execution time, for VMS-LES this ratio grows to about 90% (in both serial and parallel cases). To
conclude, assembling of the VMS-LES stabilization term is the bottleneck of the execution and its high
computational cost does not allow to justify the use of this technique in simulations.

Table 1: Comparison between SUPG and VMS-LES

Stabilization | # processors | Time assembly (s) | Total time (s) | % time assembly
over total time

SUPG 1 10.06 22.89 44.0

VMS-LES 1 111.75 125.0 90.0

SUPG 2 8.26 18.11 45.6

VMS-LES 2 75.39 84.99 88.7

SUPG 4 6.83 13.09 52.14

VMS-LES 4 68.46 73.56 93.1

Mean execution times of one timestep of the finite-elements solver. The mesh is a coarsened version of the
mesh used in actual simulations. Values reported in the table are an average taken over 10 consecutive
timesteps. Values are obtained from execution on a workstation, therefore the number of processors is

limited to 4.

The timestep employed for the pre-operational simulation is At = 0.001s and solutions are exported
every 5 time-steps (as well as the previous time-step to allow the simulation to be restarted, as described in
section 5) for two heart-beats. Using the same time-step for the post-operational case leads to the formation
of spurious modes for pressure(see figure 7b) from time 0.34s (during the first heart-beat) on. However, re-
ducing the time-step by a half (At = 0.0005s) results in a solution in which the pressure field is not affected
by spurious modes. In this case the simulation is run for a time equal to four heart-beats. In both pre and
post operational simulation it can be seen that values at the beginning and end of the last heart-beat are
extremely close, implying that the initial transient dynamics caused by the choice of the initial condition
has vanished.

In this section results of pre and post-operational simulations are presented, in particular for each of
them a qualitative description of the blood flow is given and results regarding the quantities of interest (WSS,
OSI, TAWSS, ECAP, pressure drops) are described. Finally, results are compared to highlight differences
in their main features. As the aim of the project is to study the effect of the EVAS on the neck of the
aneurysm, the results here presented concern only this part of the computational domain, both in the pre
and post-operational simulations.

As for the description of time-dependent quantities (the blood flow, WSS and pressure drops) the follow-
ing nomenclature will be used to refer to time intervals (see figure 7):

e Early systole, t € (0.075,0.175)s: the time interval between when the flow-rate is close to zero and
the systolic peak. In this period the heart starts pumping blood in the vascular system, therefore the
flow-rate is increasing;
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Figure 7: (a): Solution of the post-operational problem with SUPG at time 0.175s with timestep At = 0.001s
of the second heart-beat. The pressure field is visualized in the region of the neck. Spurious modes for pressure
are clearly visible; (b) solution at the same time for SUPG with timestep At = 0.0005s

e Late systole, ¢t € (0.175,0.345)s: between the systolic peak and the time when flow-rate reaches zero
again (i.e. approximately when the heart stops pumping blood);

e Early diastole, ¢t € (0.345,0.500)s: between the following two instants when the flow-rate is zero. In
this interval the flow-rate is negative, therefore back-flows are present;

e Late diastole, ¢t € (0.500,0.800)s: the following part of diastole. In this long interval the flow-rate
oscillates above and below zero with a small amplitude (if compared to the systolic peak).

6.1 Pre-operational simulation

During early systole the blood flow evolves from a state of relative stagnation, where there is no dominant
direction for the velocity field, to an almost unidirectional flow when the highest velocities magnitudes of
the simulation are recorded (between 50 and 60<"). During late systole, the formation and growth of
recirculation regions can be noticed, especially where the vessel wall is more irregular. At the same time
the portion of domain where the flow is unidirectional shrinks (figure 8a). During early diastole, back-flows
originate both in the aneurysm lumen and in the neck, with a magnitude as high as about 30 “* (in the region
where the flow was before recirculating). During this interval, back-flows generate along most part of the
vessel wall (see figure 8b). Once the flow-rate has past its negative peak (time ¢ = 0.405s) and is approaching
zero again, back-flows become fainter and in general the magnitude of the velocity field decreases and starts
to stagnate. Finally, during the phase of late diastole the flow does not show any easily identifiable pattern.
During this period the velocity field has small magnitude, always below 10<2*, especially close to the vessel
wall. As shown in figure 9a (the time average of the velocity field) the only region where a recirculating flow
is present for a predominant time is the bulge above the aneurysm.

As for WSS, during early systole it tend to align toward the opposite direction of the flow with increasing
magnitude (maximum of 0.35 ggg at systolic peak located in the lower part of the neck, where the vessel
wall is more irregular) (see figure 10a and 10b). Starting from late systole until when flow-rate reaches
its minimum value, WSS gradually change direction and end up pointing toward the bottom by when the
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flow-rate at the inlet is zero again. During this period maximum magnitude is attained on the bulge of the
neck above the aneurysm, while the other side of the neck presents an area in the upper section where WSS
has lower magnitude (see figure 10c and 10d). After this, when the flowrate is returning zero, magnitude
of WSS gradually decreases everywhere without changing direction. During the last period of diastole WSS
have small magnitudes compared to the previous part of the heart-beat with varying directions.

The time evolution of WSS is summarized by its time-average TAWSS. Among its features, it can be
seen that its maximum is attained in the region of the neck between the aneurysm and the bulge located
just above (see figures 11a). Also note that there are regions around the bulge and on the other side of the
neck where TAWSS has small values (11a and 11b).

As for OSI, peak values are recorded around the same bulge, but also on the other side of the neck, where
WSS were usually less intense but more variable in direction (see figures 11c¢ and 11d).

Looking at ECAP, which should be regarded as the most significant index under the medical point of
view, part of the latter mentioned region also experiences high ECAP values, as well as another region close
to the bulge above the aneurysm. (see figures from 12a to12d). The definition of ECAP as ratio of OSI and
TAWSS is clearly visible, as high values of ECAP are located where OSI is big and TAWSS is small.

Finally pressure drops between inlet and outlet as a function of time is shown in figure 13.

6.2 Post-operational simulation

At the beginning of the early systolic phase the flow has a moderate velocity. No principal direction is
present in the upper part of the neck, while the lower part displays a vorticous region between the tubes of
the EVAS and the vessel wall. During this phase, as in the pre-operational case, the flow becomes almost
unidirectional in the upper part of the neck, but in the lower part the flow is parallel to the sealing and
attains here its maximum velocity close to the tubes(see figure 8c). During late systole the dynamics of the
flow is analogous to the one of the pre-operational case, with growing regions of recirculation close to the
vessel wall and in the region above the sealing.

During early diastole, when the flow-rate is negative in the inlet, the recirculation region above the sealing
grows and the formation of back-flows can be seen both in the stents and in the neck (figure 8d). After the
flow-rate has attained its minimum an is returning to zero in can be seen that the back-flows decrease in
intensity. Still, the recirculation above the sealing is present. This recirculation persists during late diastole,
while in the rest of the domain the flow has small magnitude and no preferential direction. As shown in
figure 9b (the time average of the velocity field) the only region where a recirculating flow is present for a
predominant time is the one above the sealing far from the stents.

As for WSS, during early systole it aligns with the opposite direction of the flow, as in the pre-operational
case. However, in this case maximum values are attained in the narrow region between the tubes and the
vessel wall (figure 10e). These values are considered an artifact of the simulation caused by the fact that in
these regions the mesh is not fine enough to describe the physical flow. During late systole and early diastole
WSS tends to change direction everywhere with a more complex patter than in the operational case (figures
10g and10h).

As for TAWSS, peak values can be observed close to the narrow gaps between the tubes and the neck.
These values are treated as artifacts of the simulation, as explained above. However, other relatively high
values are present on the bulge (see figure 11e). Low values of TAWSS are present on most of the other side
of the neck (figure 11f).

As for OSI, high values are located on the side of the bulge (figure 11g) and on the other side of the neck
(figure 11h) as in the pre-operational problem, but also on a region close to the sealing (on the left of the
same figure).

As for ECAP, several small artifact are present close to the sealing surface and between one of the tubes
and the neck ( figure 12g12h), with values of the order of 103. Relevant high values of ECAP (about 200
ggﬁ - 8) are recorded in a region close to the sealing (figure 12f). Other relevant regions are shown in figures
12e and 12g.

Finally, the difference of pressure between inlet and outlet is shown in figure 13.
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(c) Section of the post operational solution par- ~ x—
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time 0.15s of the third heart-beat.

(d) Section of the post operational solution at
time 0.385s of the third heart-beat.

Figure 8: Some representations of the solutions of pre (first row) and post operational problems(second row).
All sections are colored with the velocity field magnitude (<*), arrows indicate its direction.
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Figure 9: Time average over a heart-beat of the velocity field for the pre operational (left) and post-
operational solution (right)

6.3 Comparison of the results

The flows in pre and post operational conditions display different dynamics, reflected in the difference of their
time-averages (figure 9). Among the differences, we highlight the presence of recirculation regions located
in different regions: in the bulk above the aneurysm for the pre-operational case and just above the sealing
surface for the post-operational one.

Differences in WSS between the two simulations are reflected by their time average shown in the left part
of figure 11. Apart from the artifacts located close to the stents, it can be seen that WSS tend to assume,
on average not as high but comparable values to the per-operational case.

Differences between values of OSI between pre and post-operational solutions can be seen in the right
part of figure 11. Among the main differences are the different values around the bulge above the aneurysm,
higher in the pre-operational case.

As for ECAP, differences are also present. Comparing figures 12a and 12e, a region of high values of
ECAP appear in the bottom left part of the post operational solution, while the one on the top right of the
pre operational case disappear. This is probably caused by the presence of the stents, which leads to the
formation of a narrow gap when the flow slows down (thus high TAWSS) and is less coherent over time (this
high OSI). Comparing figures 12b with 12f (and 12¢ with 12g)the second main difference can be seen: the
post operational solution displays a region at the bottom (the one in which the highest values of ECAP are
recorded) that is not present in the pre-operational case. These values are attributed to the presence of the
sealing and of the stents, which cause the flow to slow down and change direction over time.

Finally, pressure differences between inlet and outlet are much higher for the post-operational case than
the pre operational one (see figure 13). This difference can be attribute to the presence of the sealing and
the stents, which reduce the surface through which blood can flow. However, when reading these results, it
must be remembered that in this simulation boundaries (the vessel wall, the interface with the sealing and
the stents) are considered as rigid (see next section).

18



Time: 0.950s Time: 1.135s

WSS Mag.

1.59e-01
EO 12

% L
—X &
(d)
Time: 2.550s Time: 2.735s
WSS Mag. WSS Mag.
3.47e-01 1.48e-01
éozc Eom
éo.n

a

0.087

0.00e+00

() (h)

Figure 10: Comparison between WSS for pre (first row) and post operational (second row) solutions. The
first two pictures of each row are WSS at time 0.150s during respectively the second and the fourth heart-beat,
the last two for time 0.335s respectively during the same heart-beats.
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rotating the domain of 180° degrees)for each are shown.

®

ECAP
1.17e+02

88

58

29
0.00e+00

ECAP

1.17e+02
ESB

Figure 12: Comparison of ECAP from pre operational (first row) and post-operational (second row) solutions.
Four perspectives (obtained one from the other rotating the domain by 90°) for each are shown.
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Figure 13: On the left, pressures from the pre operational (red) and post operational (blue) solutions as a
function of time recorded during one heart-beat. On the right their difference.

7 Conclusions and on-going work

During the project presented in this report numerical simulation for the blood flow in an AAA and after
EVAS are set up and run. Results are physically sound (within the limits of the the model chosen to de-
scribe the problems) expect for some numerical artifacts, which however can be easily detected. Numerical
results allowed to compare the pre and post operational blood flow, leading to the conclusion that the two
present some radically different features, such as the presence of regions of recirculation located in different
position. In particular ECAP, an index used to detect regions of blood vessels with high risk of formation of
intraluminal thrombi, is used to draw some conclusions on the potential negative effect of the surgical device
on the aneurysm’s neck, the section of abdominal aorta located above the aneurysm and below the renal
arteries. The analysis of this index lead to the conclusion that regions at high risk of formation of thrombi
are not the same before and after the device is placed. In particular new regions with high values of ECAP
are present in the region just above the sealing and in the narrow gap between the stents and the neck (see
figure 12). Another important result comes from the comparison between pre and post-operational results of
pressure drops between inlet and outlet. It can be seen that the post operational blood flow presents higher
pressure drops, with a difference above 15 mmHg.

The work presented in this report can be improved and extended in a number of different ways. A
possible future development is the use of fluid-structure interaction models rather than a simple fluid flow
simulation. This would allow to take into account the compliance of the vessel wall rather than considering
it rigid. As a matter of facts, there is a strong coupling between the blood flow and the vessel deformation.
An example is the Windkessel effect, which consists in the deformation of the artery, therefore accumulation
of elastic energy, during systole. Then, during diastole, this energy is released resulting in a smoothening
of the pulsatile flow. This phenomenon also tends to decrease pressure drops between inlet and outlet of
the domain, which is the reason why the results on pressure drops obtained in this project are considered a
higher estimate of the real values.

Another possible development is the extension of the computational domain. On one side, the domain
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could be extended above to include the upper section of the abdominal aorta and the renal arteries. In-
vestigating the blood flow in this region is important because it is believed that the presence of the EVAS
device causes backflows to alter the blood flow in the renal arteries. However, it must be remarked that the
main obstacle of this development is the current lack of suitable segmentation techniques to isolate the renal
arteries from medical images. Therefore, a preliminary and necessary step would be to extend currently
used segmentation algorithms. On the other side, the domain can be extended below to include the region
of iliac arteries where the stents of the EVAS device end. This extension is motivated by the fact that
a possibly pathogenic blood flow could be present in these regions. Just as in the aneurysm neck (in the
post-operational case), localizing regions with high values of ECAP may allow to draw some conclusions on
the post-operational flow in these regions.

Another possible improvement on the results could come from the use of a locally refined mesh. The
choice of a suitably refined mesh could allow to better approximate the physical flow in some regions, for
example in the narrow gap between the neck and one of the stents, where the use of only one layer of element
causes the flow to be identically zero in that region, a non-physical approximation. Moreover, the mesh could
be coarsened in other regions where a precise description of the flow is not of central importance, resulting
in a possibly lower computational cost of the simulation.

Finally, the use the VMS-LES stabilization may be desirable. To achieve this, a strategy to reduce its
computational cost is needed. An option could be to employ a different computational mesh as mentioned
above.
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