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The heterogeneous model developed by Berod et al [Int J Numer Method
Biomed Eng 38, 2021] for representing the hemodynamic effects of endo-
vascular prostheses is applied to a series of 10 patient specific cerebral aneu-
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rysms, 6 being treated by flow diverters, 4 being equipped with WEBs. Two
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to assess the potential of the model, namely the saccular mean velocity and the
inflow rate at the neck of the aneurysm. The comparison with the

corresponding wire-resolved simulations is very favorable in both cases, and
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the model-based simulations also retrieve the jetting-type flows generated
downstream of the struts. Noteworthy, the very same model was used for rep-
resenting the flow diverters and the WEBs, showing the versatility and robust-
ness of the heterogeneous modeling of the devices.
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1 | INTRODUCTION

Over the past decades, minimally invasive treatments of cerebral aneurysms have developed dramatically and are now
often preferred to surgical clipping." On top of coils, flow diverters and WEBs are endoprostheses often used by the
neuroradiologists,z’3 the former to handle fusiform aneurysms, the latter to deal with wide neck and saccular ones at
bifurcations. In any case, the principle of action of these endovascular treatments is to slow down the flow inside the
aneurysm, thus decreasing the dynamic pressure within the sac and associated risk of rupture, and finally stabilizing
the aneurysm by promoting thrombosis.

The outcome of a minimally invasive treatment is thus at least partly driven by the hemodynamics inside the aneu-
rysm after implementation of the prosthesis. Although advanced medical imaging techniques like 4D flow magnetic
resonance or transcranial Doppler ultrasound can provide relevant information, they suffer from a lack of spatial reso-
lution, only describe the effect of the treatment on the flow a posteriori, and provide limited information about wall
shear stress (WSS) and pressure distributions, although new techniques with high fields (7T) are slowly overcoming
some of these limitations.* Computational fluid dynamics (CFD) does not suffer from the same limitations and has thus
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been regarded as a useful complementary modality to analyze the post-treatment hemodynamics. CFD consists in dis-
cretizing the Navier-Stokes equations on a spatial mesh to find a relevant solution by using a proper class of algorithm-
like finite elements, finite volumes, or lattice Bolzmann. Assuming that the boundary conditions and the rheology of
the fluid are known, CFD methods of incompressible flows are now mature and able to provide accurate data in agree-
ment with high-quality measurements.”® Regarding cerebral aneurysms, computational techniques are now commonly
used to describe the pretreatment flow under patient-specific conditions’ for both ruptured and unruptured
aneurysms,® to characterize the WSS’ and the development of clot'’ in the sac as well as for supporting the design of a
clinically relevant index of the risk of rupture.'"'?

Two main computational strategies have been used to represent the effects of an endoprosthesis on the hemody-
namics inside the aneurysm. The most accurate is the wire-resolved (or conformal) approach where the details of the
flow domain, including the network of struts forming the prosthesis, are represented by the computational mesh. This
approach was for example used'? to assess the increase in residence time induced by a flow diverter. Wider databases
including 23 aneurysms treated by flow diverters'* and 36 treated by WEBs'> have been generated to analyze the rela-
tionship between the outcome of the treatment and hemodynamics, showing notably that low volume-averaged saccu-
lar velocity and low inflow flow rate at the neck of the aneurysm are potential biomarkers for rapid and complete
occlusion. The wire-resolved approach requires that the computational mesh faithfully represent a large range of length
scales, typically from a few microns to a few millimeters. This goes with the necessity to handle rather large meshes
with 107-10® elements, thus increasing the computing load dramatically. A way to decrease the CPU time and memory
requirements is to model the endovascular device, instead of representing it explicitly. The general idea of porous
models'® is that the set of struts which constitute the prosthesis can be replaced by an artificial interface through which
a pressure loss is imposed. The latter is designed to mimic the overall drag generated by each strut when blood flows
through the device. Several models have been proposed in the literature’’*° and applied to realistic configurations. As
shown recently,” the outcome of an endovascular treatment may strongly depend on the details of the flow interacting
with the device as well as on the effective densification of the struts after implementation. Unfortunately, these details
cannot be naturally reproduced by the porous method, even if recent efforts to account for the heterogeneity of the
porous interface have been made.'® Moreover, wire-resolved studies show that a jetting-like flow is generated down-
stream of each mesh of the network of struts; from the clotting perspective, one may anticipate that this kind of flow
feature can promote the mechanical activation of the platelets, thus facilitating the occlusion of the aneurysm.

The fact that porous models do not represent flow details potentially relevant to the outcome of the treatment moti-
vated Berod et al* to design a heterogeneous immersed model (HIM), with the ambition to gather the accuracy of the
wire-resolved simulations and the reduced computational load of the porous models. In this view, source terms located
along the centerline of each strut is added to the flow equations to mimic its slowing effect on the flow. Since the depen-
dence on the wire diameter is contained in the source term, there is no necessity to resolve the shape of the struts; the
smaller length scale is thus the interwire distance and not the strut diameter as in the wire-resolved simulation, which
substantially reduces the computational load. The methodology was successfully applied to a patient-specific aneurysm
equipped with a flow diverter®” but its capability to handle a variety of situations remains to be demonstrated. The
objective of this paper is thus to further assess the potential of the heterogeneous model by comparison with a kind
of wire-resolved approach, referred to as the embedded model (EM). The cases selected are described in section 2
together with the numerical methods at play. The comparison between modeled-based (HIM) and wire-resolved
(EM) simulations is given in section 3 while a discussion relevant to the model limitations and further developments is
provided in section 4.

2 | MATERIALS AND METHODS
2.1 | Configurations of interest

We present simulation results for six aneurysms treated with a flow diverter (FD) and four treated with a WEB device.
The 10 cases are part of two existing databases'*'; to ease the identifications, the IDs from the original publications
have been conserved. All the FD-treated cases harbored a side-wall aneurysm in the internal carotid artery (ICA,
n = 6). WEB-treated aneurysms are located more distally, at arterial bifurcations, in the middle cerebral artery (MCA,
n = 3) and in the anterior communicating artery (ACOM, n = 1). Figure 1 presents the geometry of the 10 cases of

interest, together with the geometry and position of the devices. The vessels wall is partially transparent for a better
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FIGURE 1 Presentation of the computed cases. 3D views of the arterial walls and position of the devices (top: FD and bottom: WEB
cases). Configurations are labeled as in the original databases.'*'* Red wires correspond to parts of the original device (in blue) that were not
kept in the HIM computations, since they were either outside or apposed to the wall. For WEB devices, the proximal marker volume, that is,
the blue cylinders on the inferior part of the devices, was kept in both embedded model and heterogeneous immersed model computations
and modeled as a solid wall. The black arrows indicate the main incoming flows.

visualization of the geometries. The full devices are shown (in blue), with the portions apposed to the wall colored in
red. Apposition to the wall was defined with a tolerance of 5D,, with D,, the wire diameter (D,, =48 um for FDs and
D,, =25 pm for WEBS).

Quantitative characteristics of the cases of interest are presented in Table 1. For each case, the localization, volume,
and neck surface of the aneurysm are reported. The number and diameter of the device wires and porosity at the neck
are also provided. For each case, delineation of the aneurysm sac from its parent artery was performed manually: it
yields an open surface consisting of the aneurysmal wall. This surface was then closed using hole filling tools of the
vmtk C++ library*® and the aneurysmal volume was computed by using this closed surface. Surface delineation and
subsequent aneurysm volume computation were performed thanks to vtk C++ libraries.** Corresponding neck surface
calculation was performed and verified to be close to the reference data."*'> Aneurysm volume and neck surface defini-
tions are illustrated in Figure 2A,B.

Virtual deployment of the devices had been performed for the original calculations."*"” In short, in silico models of
each device were interactively translated and rotated to make the virtual device markers coincide with the actual device
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TABLE 1 General characteristics of the cases of interest.

Aneurysm Device

Sac Neck Wire

volume surface Diameter  Number thickness Neck porosity Mean +
ID Localization (mL) (mm?) Type (mm) of wires (pm) SD [min-max]
el0 0.56 50.6 4 0.6 + 0.09 [0.22-0.71]
el4 0.03 7.14 3.25 0.64 + 0.02 [0.53-0.67]
e23R 0.19 33.8 4.75 0.58 + 0.05 [0.38-0.65]
e24L ICA 0.28 39.4 FD 4.5 48 48 0.65 + 0.05 [0.43-0.75]
e32 0.09 23.6 0.42 + 0.12 [0.065-0.59]
35 0.13 35.5 0.33 + 0.14 [0-0.56]
eweb08 0.26 17.7 8 0.57 + 0.25 [0-0.83]
eweb35 MCA 0.2 21.5 WEB 144 25 0.6 + 0.25 [0-0.85]
eweb38 0.21 13.1 6 0.45 + 0.25 [0-0.77]
eweb38acom ACOM 0.16 9.6 7 0.44 + 0.25 [0-0.78]

| g

(A) (B)

FIGURE 2 Illustration of the definitions of the general characteristics of Table 1: the aneurysm sac (A) and the neck surface (B) are
defined manually for each case (here case e10). Illustrations of porosity maps for a FD (case €10, C) and a WEB (case eweb38). The surface
is partially clipped for easier visualization.

markers visible in the digital subtraction angiography (DSA) image. The process was repeated with different images
acquired in different views to optimize the placement of the 3D virtual device within the vascular model. From the
deployed device geometry, porosity maps measuring the local device compaction were calculated. Figure 2C,D presents
two examples of porosity maps, whose statistics are gathered in Table 1 for all cases. The porosity ¢ is defined as the
local open area over the local surface area of the device. For FDs, device wires located in inner curvature parts of
the parent artery are compacted, with lower device porosity (see Figure 2C). For WEBs, porosity patterns are governed
by its design and the grouping of wires at the center of the WEB (see Figure 2D). Overall, mean porosities are similar
for both types of devices, but porosity variations at the neck are smaller for FDs than for WEBs.

For each case, blood flow is modeled using incompressible Navier-Stokes equations and a Newtonian fluid rheol-
ogy, with fixed density of p =1000kgm > and kinematic viscosity v =4.010"°m?s ™. At the inlets, the flow rate wave-
form displayed in Figure 3 is rescaled using the mean flow rate calculated to follow a cube law following the principle
of minimum work, as advised by measurements performed by Cebral et al.*®> The shape of the inlet waveform in
Figure 3 was obtained from phase-contrast magnetic resonance images for healthy subjects.® The pulsatile period was
fixed to T, =1s. A zero-pressure boundary condition is applied at the main outlet. In the case of multiple outlets, the
negative flow rate is applied following the profile of Figure 3, with a value of mean flow rate adjusted to obtain typical
values of WSS of the order of 1.5 Pa.>> No-slip wall boundary conditions are applied on the vessel and aneurysm wall,
with wall movements neglected. Device modeling is detailed in the next section.
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FIGURE 3 Normalized flow rate waveform imposed at the inlet/outlet boundary conditions of the patient-specific cases. The red line

corresponds to the peak systole for which comparisons are reported. Qpean is computed with the inlet/outlet diameter cubed such that it
produces a typical wall shear stress of 1.5 Pa®® in the inflow artery.

TABLE 2 Number of cells (in million) for both models EM and HIM and for all the aneurysms considered (post-treatment columns).

Pretreatment Post-treatment

ID FEFLO YALES2BIO EM (FEFLO) HIM (YALES2BIO)
el0 1.6 2.3 52 12.8
el4 0.9 1.3 8.9 6.3
e23R 2.1 3 33 8.9
e24L 2.5 3.6 28 9.7
e32 1.3 2.1 60 13.1
e35 1.7 2.4 107 14.8
eweb08 1.9 2.9 147 11
eweb35 1.8 2.4 150 9.8
eweb38 2.8 39 163 21
eweb38acom 1.1 1.7 93 7.7

Note: The meshes used for the pretreatment simulations (no model) performed at George Mason University (FEFLO solver) and Montpellier University
(YALES2BIO solver) are also reported (pretreatment columns).
Abbreviations: EM, embedded model; HIM, heterogeneous immersed model.

2.2 | Numerical methods

We compare two different ways of accounting for the effects of the struts of the devices on the flow field. This study
takes advantage of existing results obtained with the CFD solver FEFLO from George Mason University authors
(J. R. Cebral and F. Mut), using a wire-resolved type of approach, namely the embedded modeling (EM) of devices*’
(see section 2.2.1). Then, a second CFD solver called YALES2BIO and developed at the University of Montpellier was
used to predict the same cases with a heterogeneous immersed method** (HIM); whenever relevant, results from an
homogeneous porous method'” (PM) implemented in the same flow solver as HIM were also included for comparison
(see section 2.2.2). Of course, the pretreatment cases were computed by using the two flow solvers independently to
make sure that the numerical results before the device implementation were in good agreement—see Table 2.

2.2.1 | Numerical methods for the wire-resolved (EM) calculations

The first CFD solver used in this study is an in-house edge-based finite element solver for the unsteady incompressible
Navier-Stokes equations (FEFLO) developed at George Mason University. The solver is fully implicit, and the
incompressibility condition is attained using a projection scheme that results in the resolution of a pressure Poisson’
equation. The modeling of the wire struts starts with the initial water-tight mesh defining the vascular model
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(aneurysm + adjacent vessels) and performing several mesh refinements sweeps over the mesh until the local element
size reaches about 1/8 of the wire strut diameter which has been determined to be sufficient for realistic flow field rep-
resentations.”” This mesh is then loaded into the field solver and all the edges that intersect the wire struts are identified
and no-slip boundary conditions are applied at the intersection points.” For more details, see References 28,29.

2.2.2 | Numerical methods for the prosthesis modeled (HIM or PM) calculations

The second CFD solver used in this study is the in-house finite-volume YALES2BIO (https://imag.umontpellier.fr/
~yales2bio/index.html). YALES2BIO is a massively parallel finite-volume solver dedicated to blood flow computations,
which has been used and validated in many configurations.>®***~*> YALES2BIO solves the Navier-Stokes equation with
minimally dissipative fourth-order spatial and time discretization schemes to explicitly advance the velocity field. A
pressure-projection method is used to handle the incompressibility constraint, which leads to solving a Poisson equa-
tion for the pressure using a Deflated Preconditioned Conjugated Gradient solver.*®

Heterogeneous immersed modeling of the struts

The heterogenous model from Bérod et al** is one of the three methods used in this study to represent the struts. The
principle is to apply, at the level of the struts, a source term designed to mimic the effect of the struts on the flow on
the three components of the velocity, locally rotated in the frame of the device. The source terms are designed with the
following assumptions: the device is assumed to be well represented locally as a combination of two families of parallel
struts of local interwire distance and interfamily angle. Effects of neighboring walls are neglected and the source term
from each family of struts is applied independently of the other, that is, there is no specific model for the wire crossings.
Finally, curvature effects were neglected. The model consists in correlating the force applied by a family of parallel
struts on the flow with the incident velocity. If the interwire distance is large, the force tends to the one obtained for a
unique cylinder. The structure of the algorithm is the following:

1. The device is first triangulated to obtain a surface mesh independent of the fluid volumetric grid. For each triangle,
the local flow rate is computed by interpolating the fluid velocity field. From the local flow rate and the local charac-
teristics of the device, a correlation established from a numerical database allows the estimation of the incident
velocity,*

2. For each wire segment, the incident velocity is rotated into the local frame of the device, to obtain a normal compo-
nent, a longitudinal component along the wire direction and a tangential component forming an orthonormal basis.
Then, correlations are used to calculate the forces in the three directions,”” depending on the incident velocity and
wire characteristics. The expression of the forces can be found in the Appendix and Figure Al. See the methodology
article®” for more details about the model and its justification,

3. Then, the force known for each wire segment is regularized on the fluid grid thanks to an adapted version of the
Reproducing Kernel Particle Method.'>***” Navier-Stokes equations are then solved with the forcing coming from
the device struts. The forcing is updated at each iteration of the fluid solver.

Note that this method needs to have sufficient refinement in the region of the device. In practice, the mesh size is
fixed to Ax =W /8, with W the typical interwire distance. Recall that the mesh size is only 1/8 of the strut diameter for
the EM approach (see section 2.2.1); it follows that the number of elements required by the HIM approach is signifi-
cantly smaller (up to 15 times for the eweb35) than what is required for EM—see Table 2. Using Ax = W /8 for the mesh
size proved sufficient to properly describe the jets that form between the wires. Validation of the method has been per-
formed in Berod et al** by comparison with a database of fully resolved simulations of various complexity.

Porous modeling of the device
To ease comparison, the porous model from Raschi et al'” has also been implemented in the YALES2BIO solver. The
surface of the device is modeled as a porous layer with a localized pressure loss when the fluid passes through. A sys-
tematic thickness of AL =0.2 mm was given to the layer, to define a volume over which a volumetric source term f is
added to the Navier-Stokes equations. The mesh was specifically refined to ensure that four grid cells span the layer
thickness. The model'” reads:
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The mathematical expressions of D and F come from experimental correlations® and the leading coefficients are
corrections related to the application of the source term on an unstructured grid, with an involved volume slightly
larger than AL."” This porous model uses the correlations established for the pressure drop in the case of a flow normal
to a screen of given porosity and applies it as a source term on each velocity component. It has been proven to produce
relatively good results in Raschi et al.'” It is used here as an example of porous model, but alternatives exist.'®'%2°

2.3 | Postprocessing of the results

Results with and without device and for the different simulation strategies will be qualitatively analyzed using velocity
maps at peak systole (see Figure 3). Quantitative comparisons will be presented using relevant quantities for the assess-
ment of treatment by FDs'*** or WEBs."> The first one is the magnitude of the space and time-averaged intrasaccular
velocity defined as:

1
U,=— H<U>Hd
a Va/ga Y

with €, the aneurysm domain and V, the corresponding volume, reported in Table 1. <U > is the time-averaged
velocity vector while ||-|| denotes the Euclidian norm.
The second quantity used for comparison is the peak-systolic inflow rate at the neck:

Q= / U.nds,
ry

with I'? the portion of the aneurysm neck surface where U.n>0, n the normal vector to the neck surface pointing
toward the aneurysm and U the velocity vector. Q, measures the blood exchanges between the parent artery and the
aneurysm sac.

For U, and Qp both absolute values and decrease in the indices due to treatment will be compared between the
different computational strategies for stenting.

3 | RESULTS

Results from the heterogeneous model of Bérod et al** are compared to wire-resolved simulations of a variety of cere-
bral aneurysms treated by either flow diverter'* or intrasaccular WEBs'”; results from the porous model'” are also intro-
duced when appropriate.

3.1 | Qualitative comparison

Typical results for flow diverters and WEBs are shown in Figures 4 and 5, respectively. In both cases, a 3D view of the
region of interest is included (see panel [A]) to appreciate the geometric complexity and to localize the slices used for
visualizing the velocity maps. The pretreatment situations are shown in the (B) panels, revealing the jetting flow that
crosses the neck of the aneurysms. This flow structure maintains the blood motion inside the sacs, which prevents
thrombosis and stabilization of the aneurysm. Its impingement on the dome (see white circles) may weaken the aneu-
rysmal tissue and favor either its expansion and/or rupture due to the extra dynamic pressure. To the first order, the
objective of any endo-vascular treatment is to weaken this incoming flow, thus decreasing the intrasaccular velocity
and increasing the time of residence to favor thrombosis.
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Figures 4C and 5C show the meshes used for performing the wire-resolved simulations'*'> of the post-treatment

cases while Figures 4D and 5D display the corresponding maps of velocity magnitude. The impact of the devices is
clearly visible, the jetting flow being drastically reduced in both cases. Note the mesh refinement in the region of the
devices, the size of the element being small enough to allow a fair geometric representation of the struts diameter (the
total number of elements of the meshes is 28 M [Figure 4] and 147 M [Figure 5]). When using the heterogeneous
model,** the mesh is only required to represent the interwire distance, which is typically 5-10 times larger than the
strut diameter. As a direct consequence, the total number of elements required for the heterogeneous model-based sim-
ulations is significantly smaller than for the brute force approach, of the order of 10 M for the two cases displayed. Note
however that the resolution in the aneurysmal sac is slightly better in the model-based simulations (cf. Figure 4C,E on
the first hand, and Figure 5C,E on the other hand) to ensure the best quality of the outcome.

Comparing Figures 4D,F and 5D,F shows that the model-based approach reproduces nicely the modification
induced by the flow diverter and the WEB. The secondary flow structures induced by the WEB and visible on both sides
of the stopped jet, below the WEB boundary (see the white circles in Figure 5D) are also very well retrieved by the
model-based computation, as indicated in Figure 5F. The same figure also shows that the small wakes and jets gener-
ated by the wire meshes of the WEB structure (see the white*) in the wire-resolved (EM) simulations are also retrieved
by the heterogeneous model, even if the wires are not explicitly resolved; note however that the orientations of these
small flow features are somewhat different from their counterparts in the wire-resolved computation (see Figure 5D).
Such wakes and jets structures also exist in the flow diverter configuration displayed in Figure 4, but their typical size is
smaller. Still, the wires collectively generate a region of low velocity in the sac whose shape and intensity obtained by
the model-based approach are in well agreement with the wire-resolved (EM) solutions. A more quantitative assess-
ment of the performances of the method is proposed in the following section.

3.2 | Global quantities

Quantitative comparisons for the whole set of simulations (six flow diverters and four WEBs) are displayed in Figure 6
(volume-averaged velocity magnitude) and Figure 7 (inflow rate at the neck). These two macroscopic quantities were
selected for their positive correlation with the outcome of the treatment of aneurysms by endovascular devices®>** and
potential use in the clinical environment, as both of them could be assessed retrospectively from advanced medical
imaging techniques like 4D flow MRI. These integral quantities are robust to any noise in the measurements, contrarily

(A) (€) (E)

FIGURE 4 Peak-systolic velocity magnitude for case e24L. (A): slice location in the 3D geometry of the aneurysm. (B): pretreatment
velocity field in the slice displayed in (A); the white arrows show the main direction of the upstream flow and the white circle indicates the
region where the jetting flow impacts the dome. Post-treatment mesh and velocity map projected onto the slice for the wire-resolved
simulation (C, D) and the heterogeneous® (E, F) model.
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FIGURE 5 Case eweb08; see Figure 4 for the description.

to local quantities (e.g., map of WSS) which may strongly depend on uncertain data such as the geometry and its
changes over the cardiac cycle. From Figures 6A,B and 7A,B, the pretreatment values obtained with the two flow
solvers (see section 2) are generally in very close agreement, even if obtained using different numerical strategies and
meshes. The largest discrepancy is for the case e14 and corresponds to approximately 10%, far less than the effect of the
endovascular treatment on the averaged velocity.

The post-treatment reduction of the aneurysmal velocity is presented in Figure 6C,D while the results relevant to
the inflow rate at the neck are displayed in Figure 7C,D. The porous model of Raschi et al'” performs reasonably well
in most of the cases (36% and 40% average error for the aneurysmal velocity and inflow rate, respectively). Note that the
porous model, which relies on the concept of averaged porosity over the neck, is only applied to flow diverters given
the large heterogeneous porosity of WEBs. The main issue with the porous model is twofold: (1) a pronounced trend to
overestimate the inflow rate, and to a lesser extent the mean velocity; (2) the possibility to generate large errors in some
specific cases, for example 100% error in the reduction of the aneurysmal velocity for case e32. This lack of robustness
may question the use of the model as a predictive tool to study configurations for which the ground truth is not known.

The heterogeneous model®* reproduces all the trends observed in the wire-resolved simulations,'*'* for all the flow
diverter and WEB cases considered. The model performances are even more noteworthy that the range of reduction of
both macroscopic quantities is rather large, from approximately 10% (case e35) to 60% (case eweb35) for the averaged
velocity (see Figure 6C,D) and from 15% (case eweb38acom) to 65% (case eweb35) for the inflow rate entering the sac
(see Figure 7C,D). The average error in reduction is approximately 6% for the flow diverters, and 8% for the WEBs
(scanning both macroscopic quantities) while it is 4% for the averaged velocity and 10% for the inflow rate reduction
(scanning both device types). Note also that the maximum error is only 8% for the averaged velocity (case eweb38) and
20% for the inflow rate (case eweb38acom). These results mean that the heterogeneous approach® is not only efficient
but also robust, a desirable property for any model.

3.3 | Further analysis

It appears from Figures 6 and 7 that the velocity and inflow rate reductions differ depending on the case considered.
For example, the velocity reduction is about 35% for the case e24L, but only 15% for e32, both treated with a flow
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FIGURE 6 Volume averaged velocity magnitude in the aneurysm. Pretreatment values from the present study and the published data
for flow diverters'* (A) and WEBs'® (B). Post-treatment velocity reduction from the wire-resolved simulations'* (EM—blue), the
heterogeneous model** (HIM—red), and a porous model'” (PM—green) for the flow diverters cases (C), from the resolved simulations'”
(EM—blue) and the heterogeneous model** (HIM—red) for the WEB cases (D). EM, embedded model; HIM, heterogeneous immersed
model.

diverter. To illustrate the versatility of the heterogeneous model, the reasons why the device performance is reduced in
the e32 case are exposed in what follows. First, 32 is located on the inner-curvature part of the arterial wall, as shown
in Figure 8. Therefore, contrary to other typical cases (see Figure 1), the incoming flow does point toward the aneurysm
dome. Moreover, large mal-apposed portions of the device remain upstream of the aneurysm (see Figure 8). It results
that the tangential drag force component is more important than the normal one, challenging any device model even
more than usual.

Still, the heterogeneous model™ succeeds in reproducing the post-treatment flow structure, as shown in Figure 9.
Not only the averaged mean saccular velocity is well retrieved (see Figure 6), but the agreement on the remaining
intrasaccular jet characteristics between wire-resolved and heterogeneous model-based simulations is good, as shown
by the velocity vectors displayed in Figure 9C-E. At the same time, and consistently with the poor performance already
observed for the porous model (see Figure 6), the homogeneous formulation does not give a proper assessment of the
flow structure, neither inside nor outside the sac. Two main reasons may be put forward to this regard. On the one
hand, porous models are mostly designed to reproduce pressure load along the normal direction of the device, while
tangential effects are prominent here. On the other hand, some wires located in the inner part of the parent artery are
densely packed due to device compression, which produces non-uniform porosity patterns throughout the device sur-
face (not shown), while the porous model was tuned by assuming uniform porosity.'” These two features make the
porous formulation fail but can be nicely handled by the heterogeneous model, as illustrated in Figure 9.

122
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FIGURE 7 Inflow rate at the aneurysm neck. See Figure 6 for the description.

FIGURE 8 Mal-apposition of the flow diverter e32 case.

4 | DISCUSSION

The heterogeneous model developed in Berod et al** is shown to quantitatively reproduce wire-resolved results from
the GMU group.'*'> Most notably, jetting-flows between struts as well as intrasaccular velocity reductions and redirec-
tions are captured, for both FD and WEB cases. Moreover, the model has demonstrated its versatility, compared to
porous models, to account for both mal-apposed device portions and distinctive characteristics such as inward parent
artery curvature. Although initially developed and validated for a single typical FD-treated aneurysm,** the heteroge-
neous model applicability was further extended to other type of braided device, namely intrasaccular WEBs, without
any model modification other than the implementation of a penalization driving the blood velocity to zero for
extremely dense wires found at the recess. This confirms again the versatility of the heterogeneous modeling approach.
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Despite the success shown in this paper, a few limitations regarding the heterogeneous technology as well as the
present validation effort must be mentioned. Contrary to simpler porous models where the struts are not kept, the mesh
resolution must be fine enough to represent faithfully the jets induced by the networks of struts. From our experience,
the grid spacing should not be larger than one eighth of the interwire distance, thus typically 100 pm in the neck region.
This also means that the number of cells is dependent on the device characteristics, the denser the networks of struts,
the finer the computational mesh. This undesirable link is the price to pay for being able to reproduce the jetting-like
flows generated by the device as well as heterogeneities in the porosity patterns throughout the device surface. Note
also that the heterogeneous modeling approach requires some coding and data management before it can be used in a
standard flow solver to perform the force computation and regularization (see section 2.2.2). These operations induce
an extra computational cost of approximately 12% for a typical endovascular device.** Despite this, the gain with respect
to the wire-resolved approach, where the minimal length scale is imposed by the strut diameter rather than the inter-
wire distance, is considerable. This was precisely measured in Reference 22 for a typical flow diverter for which the
memory usage was reduced by a 22 factor, while the computational cost was divided by 5766. The latter reduction is
partly explained by the time-step reduction (factor 300) induced by the mesh coarsening in the explicit solver used in
Reference 22. A more conservative reduction factor of 5766/300 ~ 20 can be inferred for a flow solver with implicit
time-stepping.

Another limitation is the modeling of the forces induced by each wire and which relies on two main assumptions>*:
the curvature of the device can be neglected and the flow regime is inertial. Both assumptions are valid in most of the
cases, thus the successful comparison obtained in this study. Still, some extra errors may appear when either assump-
tion is not met. A closer inspection of the case eweb38, for which the error in the mean velocity is the largest, shows
that after deployment the curvature of the struts can be very large locally, of the order 10° m ™. It turns out that the
model performed well even for this extreme case, but one cannot exclude that this is by chance. Further developments
of the wire-induced force should include the curvature effect. The same is true for the flow regime, which is assumed
inertial at the scale of the strut diameter in Berod et al.>?> However, with the current trend to use smaller and smaller
strut size to minimize the amount of artificial material brought by the treatment and the presence of low blood flow
velocity near arterial wall, the flow regime is most probably diffusive for at least some of the wires. A mixture of iner-
tial/diffusive force expressions would be useful to make the heterogeneous model even more versatile.

It has been decided not to compare WSS values between the simulations. Such a comparison would be interesting,
but no specific work has been undertaken to converge the values of WSS (with near-wall refinement to reach grid
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FIGURE 9 Velocity magnitude for case e32. (A): slice location in the 3D geometry of the aneurysm. (B): pretreatment velocity field in
the slice displayed in (A). Post-treatment velocity vectors projected onto the slice and map of velocity magnitude for the wire-resolved
simulation (C, D), the heterogeneous®? model (E, F) and the porous model'’ (G, H). The red line in (C, E, G) denotes the position of the
flow diverter.
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convergence). In this context, WSS maps are not expected to assess the relevance of the modeling of the devices, but
rather the mesh quality at the wall, which is not the focus of the study. Still, the U, quantity provides an indication
about the reduction in WSS provided by the treatment.

Comparing different flow solutions in complex geometries is a complex task. In the present study, two global quanti-
ties particularly relevant to the outcome of the endovascular treatment were used, namely the volume averaged velocity
magnitude in the aneurysm and the inflow rate at the neck. As any global quantity, they have the advantage to be
robust to the details of the geometry and numerical procedures. Still, they may also hide some measurable differences
which could be induced by the model. For example, computing the norm of the pointwise difference between the wire-
resolved and wire-modeled velocity fields would give a more detailed view of the discrepancies. Still, this procedure can
produce large errors even if the two computational modalities lead to flows having very similar structures, namely some
jetting-flows downstream of the device and mostly zero velocity in the core of the aneurysmal sac. To exemplify this
statement, the volume-averaged pointwise error scaled by the U, quantity is almost 25% for the case eweb08 displayed
in Figure 5, while the error based on U, is merely 5%. Defining a fair measure of the resemblance between two solu-
tions would be useful during further model improvements.
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APPENDIX

EXPRESSION OF THE LINEIC FORCES FOR THE HIM MODEL

FIGURE A1 Local orthonormal basis used for the computation of the force induced by a family of parallel wires onto the fluid.

As detailed in Reference 22 and quickly recalled in section 2.2.2, the HIM methodology relies on lineic forces applied to
each wire segment to represent the momentum loss induced by its presence in the flow. To compute these forces, the
device is seen as the superposition of two families of parallel struts and any interactions between the two families are
neglected. Then, a local orthonormal basis (n,1,t) is built, where n is the direction normal to the wires plane, 1 is the
wire direction and t belongs to the plane containing the struts. The incident velocity Uy, is then decomposed into a nor-
mal component U, -n, a longitudinal component along the wire direction U, -1 and a tangential component U, - t.
The following correlations are used to assess the force in the same three directions, which depend on the incident veloc-
ity and wire characteristics. The interested readers should refer to Berod et al** for the most technical details relevant to
the practical computation of the forces induced by the network of struts.

NORMAL DIRECTION
The projection of the force along the n direction reads:

(Uoo 'n)2

Fy=CppD—

where p is the fluid density and D the strut diameter while the drag coefficient Cp depends on the normal Reynolds
number R} (based on the wire diameter and normal velocity U, -n) and the interwire distance to diameter ratio W /D
as described in References 22,41.

LONGITUDINAL DIRECTION
The projection of the force along the 1 direction reads:
2
14
F=C, pERZLRle

where v is the fluid kinematic viscosity and the drag coefficient C; depends on the normal Reynolds number as pro-
posed by Marheineke and Wegener.*> The interwire distance to diameter ratio W /D does not appear since the wire
interactions are not accounted for in the longitudinal direction.*
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TANGENTIAL DIRECTION

The model relies on the drag force for an isolated wire which writes:

1/2

2
Fio= CthRZ

where the drag coefficient C; depends on the tangential Reynolds number R! as proposed by Marheineke and Wege-
ner.** The actual force along the tangential direction is then built from F ¢ as

F;=GFqyy
where the G factor was derived from geometric considerations involving W/D and the angle between U, and t to

account for the fact that the drag induced by a wire is reduced when it stands in the wake of another wire. See Berod
et al** for more technical details about the construction of G.
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