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ABSTRACT

Intracranial aneurysm rupture causes life-threatening sub-
arachnoid hemorrhage. Current endovascular devices like coils,
flow diverters, and intravascular implants aim to thrombose the
aneurysm but have limitations and varying success rates depend-
ing on aneurysm characteristics. We propose a new computa-
tional framework integrating CFD and topology optimization to
design personalized aneurysm implants. The optimization prob-
lem aims to reduce blood flow velocity within the aneurysm while
ensuring adequate structural integrity of the implant. The fluid
dynamics are governed by the Navier-Stokes equations, while the
solid mechanics are described by the linear elasticity equations.
A Darcy-Brinkman model is employed to simulate flow through
the porous implant in the fluid domain, while the Solid Isotropic
Material with Penalization (SIMP) method is used to interpo-
late between solid and void regions in the structural domain dur-
ing topology optimization. The objective combines fluid energy
dissipation ratio and solid strain energy with spatially varying
weights. Global and local volume constraints generate personal-
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ized implants with porosity and flow-diverting architectures. The
approach is demonstrated on patient-specific aneurysm geome-
tries from rotational angiography. This CFD-driven topology
optimization method enables personalized aneurysm implant de-
sign to potentially improve occlusion rates and reduce complica-
tions compared to current devices. Further studies will validate
the optimized designs and investigate their efficacy in vitro and
in vivo.
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1 INTRODUCTION

Subarachnoid hemorrhages (SAH) are life-threatening and
result from the accumulation of blood between the arachnoid and
pia mater. SAH incidence ranges from 10 to 14 cases per 100,000
individuals annually [1]. Aneurysms are focal pouch-like dila-
tions of the cerebral vasculature that have a weak wall that can
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rupture. The anatomy of aneurysms and associated parent ves-
sels can be highly complex and show substantial variability from
patient to patient (Figurel). Aneurysm rupture is the cause of
subarachnoid hemorrhage in 85% of cases. The case fatality af-
ter aneurysmal hemorrhage is 50%; one in eight patients with
subarachnoid hemorrhage dies outside the hospital [2]. Most
aneurysms are currently treated by endovascular methods. The
goal for all endovascular treatment is to reduce flow velocities
within the aneurysm sac to induce intra-aneurysmal thrombus
formation. Over weeks to months, this thrombus undergoes or-
ganization to fibrous scar tissue, and the aneurysmal structure
is eventually resorbed as much as possible with permanent im-
plants inside the sac. A similar response occurs at the aneurysm
neck-device interface, resulting in the formation of a stable en-
dothelialized neointimal layer on the device [3—6]. When this
endothelialization is complete, the aneurysm is considered to be
successfully treated. There are three predominant device types
currently used for endovascular treatment (Figure2) — coiling
(metallic micro-coils fill the aneurysm), flow diversion (fine-
mesh metallic stent implanted in parent vessel), and intravascu-
lar implants (“ball”’-shaped metallic mesh implanted inside the
aneurysm) — all of which have successful outcomes in 70-80%
of cases on average.

BASILAR TERMINUS MIDDLE CEREBRAL
/‘/\)’_ BIFURCATION
cnnonn 20—
OPHTHALMIC /\‘ AR
CAVERNOUS
CAROTID POSTERIOR =y
MMUNICATIN
co UNICATING BASILAR
FUSIFORM
=

FIGURE 1. VARIOUS LOCATIONS AND SHAPES/DIMENSIONS
OF BRAIN ANEURYSMS (RED LINES). ARROWS SHOW THE DI-
RECTION OF FLOW OR PROXIMAL TO DISTAL ENDOVASCU-
LAR APPROACH
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However, success rates with these devices are highly depen-
dent on the location and type of aneurysm. Effective coiling is
technically challenging in aneurysms with complex and wide-
necked geometries [9]. Flow diversion can be ineffective in
35-50% of aneurysms because they arise at bifurcations [10].
Furthermore, the aftermath of initial treatment using coil em-
bolization is fraught with substantial challenges, including parent
artery obstruction, collapsed coils, coil malposition, and, notably,
the potential for coil migration [11]. These issues underscore the
need for innovative approaches to enhance the efficacy and safety
of this widely employed technique. The deployment of flow di-
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FIGURE 2. EXAMPLES OF ENDOVASCULAR DEVICES TO
TREAT BRAIN ANEURYSMS. (TOP ROW) INTRAVASCULAR
COILING, INTRAVASCULAR FLOW DIVERSION, AND IN-
TRAVASCULAR IMPLANTS. FROM ONLINE [7, 8]

verters and intravascular flow disruptors presents an alternative
method. The complexity of achieving effective blood flow diver-
sion necessitates the design of multi-segment diverters, each tai-
lored according to computational fluid dynamics (CFD) [12]. Pa-
tients treated with flow diverters also have to be put on dual anti-
platelet medication (aspirin plus clopidogrel) to avoid in-stent
thrombosis and thromboembolic ischemia. The primary draw-
back of intravascular implants is related to sizing and conforma-
bility, i.e., they cannot conform to irregular aneurysm shapes and
have poor outcomes in larger aneurysms and aneurysms with un-
favorable aspect ratios (ratio of height to the neck). A systematic
review showed a pooled complication rate of 12% with complete
aneurysm occlusion rates of 58% and residual neck of 28% at
final follow-up (13+10 months), with retreatment required in 7%
of the cases [13].

Overall, several devices are being used to treat aneurysms,
and different device types are being developed to treat different
classes of aneurysms. Limitations and complications remain, and
no single device is currently available that can safely and reliably
treat all classes of aneurysms.

Computational Fluid Dynamics (CFD) stands as a potent
computational technique employed for simulating fluid flow and
comprehending its behavior within intricate geometries. Over
an extended period, CFD has proven invaluable in discern-
ing mechanical risk factors linked to aneurysmal evolution and
rupture. It also aids in unraveling flow characteristics pre-
and post-surgical interventions, contributing to informed clinical
decision-making processes [14, 15]. Rupture risk assessment in
aneurysms can be effectively evaluated through parameters such
as shear stress, fluid pressure, relative residence time, and non-
dimensional inflow rate [16]. However, the explicit incorporation
of coil geometry into CFD simulations, a critical aspect in assess-
ing the postoperative risk of inducing new arterial aneurysms,
poses challenges. Some researchers have explored coil models
represented by porous models, demonstrating mean velocity in
the aneurysmal sac comparable to coil-resolved models [12, 17].
Coil design, typically tailored to the aneurysm’s shape, involves
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considerations of coil shape, orientation, and thickness within
a relatively constrained design space. This intricate process,
guided by the experience of medical professionals, underscores
the complex nature of coil design [18-20]. The intricacies of de-
signing coils that balance navigational precision and shape ad-
justability represent pressing areas necessitating dedicated re-
search efforts. Topology optimization emerges as a promising
solution to delve deeper into the design space and achieve a high-
performance or patient-specific implant design.

Topology optimization is a technique to find the optimal
shape and material distribution of a structure under certain con-
straints and objectives. It can be used to design lightweight, stiff,
and efficient structures for various applications. The homog-
enization approach to topology optimization was proposed by
Bendsoe and Kikuchi in 1988 [21]. A number of different meth-
ods are developed based on the homogenization approach such as
the artificial density method(Bendsoe; Zhou and Rozvany; Mle-
jnek [22-241]); level set methods (Allaire et, Wang [25,26]); evo-
lutionary approaches (Xie and Steven [27]) and several others.
The Level Set Method is an implicit approach that incorporates
the zero-level contour and negative and positive values within
the level set function, distinctly representing structural bound-
aries, voids, and solids in the design domain. Due to its ability to
provide clear boundaries, this method is well-suited for structural
design in fluid fields. Duan et al. were the first to apply a varia-
tional level set method for solving Navier—Stokes flow topology
optimization [28-30]. Zhang uses the level set method on arterial
bypass configurations, demonstrating its potential applicability
in the design of medical devices [31]. However, its utilization in
3D structure design faces challenges, primarily stemming from
the high computational costs and space variable complexities as-
sociated with this method.

The Solid Isotropic Material with Penalization (SIMP)
approach is another significant classical method that makes it
easy to generate the structure. A physical justification of SIMP
was provided in Bendsge and Sigmund [32]. Its incorporation
into fluid topology optimization dates back to the early 21st
century, marking a pivotal development in the field. The seminal
paper by Borrvall and Petersson first solved the topology opti-
mization problems for fluid systems [33]. This method has also
found application in medical research related to cardiovascular
stents [34,35].

While CFD has been widely used to characterize aneurysm
flow dynamics and virtualize treatment [14,36-38] , topology
optimization based on CFD-derived hemodynamics remains un-
explored for aneurysm implant design. Prior studies have used
CFD to assess coil packing density and flow diversion effects
[39-41] and optimize coil shape and orientation [18,42,43] .
However, these studies focus on conventional coil designs within
a limited design space. Jiang et al. [44] applied topology opti-
mization to aneurysm treatment using simplified models but did

not consider patient-specific hemodynamics or clinically relevant
design constraints S4 et al. performed multi-objective optimiza-
tion on a small-scale pump, aiming to minimize energy dissipa-
tion and vorticity which is also suitable for the blood flow prob-
lem in aneurysm [45].

Our approach expands the implant design space beyond
conventional devices to generate hemodynamically optimized
and patient-specific designs. By integrating CFD-derived hemo-
dynamic objectives and constraints related to deliverability and
structural integrity, we enable the design of implants featuring
a shell structure endowed with porosity, incorporating a sizable
void within and flow-diverting microarchitectures. This paves
the way for personalized aneurysm treatment with the potential
to improve occlusion rates and reduce complications compared
to current devices.

This paper is structured as follows: Section. 2 outlines the
problem formulation and modeling. Section. 3 details the ex-
traction of patient data, the setup of the topology optimization
problem, and optimal implant results. Section. 4 focuses on con-
clusion and future work.

2 TOPOLOGY OPTIMIZATION OF PERSONALIZED

ANEURYSM IMPLANTS
2.1 Topology optimization objective function formu-

lation

This paper aims to design an implant for arterial aneurysms
with the primary objectives of reducing the dwell time of blood
within the aneurysm and slowing down the blood flow veloc-
ity. The implant is intended to provide both structural support
and guidance for the placement of the implant. To facilitate the
reader’s understanding of the problem, a schematic representa-
tion of the problem setup is illustrated in Figure3.

There are two governing equations within the design do-
main: The Navier-Stokes equation, describing fluid dynamics;
and the Cauchy momentum equation, describing linear elastic-

ity:

Dv
—=-V Vv +f
th pPHUVIV+H
V.v=0

V="V, on Iy (1a)
p=0, on Tyy
V.-o+F=pii
u=0, on I'p (1b)

p=rpp onI'n
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FIGURE 3. SCHEMATIC DIAGRAM FOR THE ANEURYSM
MODEL SETTING

Equation (1a) refers Navier-Stokes equations for an incompress-
ible fluid; Equation (1b) refers the liner elastic equation.

The region denoted by Q represents the area of the arte-
rial aneurysm, serving as the design domain. €, is a subset of
Q, meaning local constraints domain. I, and I',, are Robin
boundary conditions(BCs) which symbolize the inflowing and
ouflowing blood area. There are various selections for these con-
ditions, and this study specifies velocity v = v;, as the inflow
condition and pressure p = 0 as the outflow condition. This con-
figuration has been chosen to enhance the stability of numeri-
cal solutions and facilitate their coupling with the energy equa-
tion, which is the objective function of the optimization prob-
lem. Dirichlet boundary condition I'p is applied with u = 0 and
Neumann boundary condition p = p;, on I'y means the external
pressure which is equal to the blood pressure in the aneurysm.

The objective function for the implant can be formulated as
follows:

Obj = @1 - Obj_fluid + w, - Obj_solid
1
= 1 x 109(0bjfluid;)—1 2)
1

Where @, and w, represent the corresponding weights assigned
to each sub-objective function, while & reflects the magnitude on
the order of scale specific to these functions. The indices i and j
determine the values taken in the sub-objective function for the
specified iteration. In this paper, i and j are set to 10.

In Figurel, the problem is formulated based on the physical

fields existing in a real patient’s aneurysm with forward blood
flow. To achieve a robust design, a virtual reverse flow is pro-
posed to optimize the structure and prevent the connection be-
tween the aneurysm and the blood vessel. Simultaneously, this
helps to reduce the dwell time of blood within the aneurysm,
given that blood tends to flow out easily but encounters difficulty
in this area. For the reverse flow, all governing equations remain
unchanged. The BCs as the inlet and outlet are swapped as fol-
lows:

pr=0, on Iy 3)

VI = Vour, on Doy

where v, represents the outlet velocity on I',,, computed from
forward flow.

Based on these, the fluidic optimization objective function
can be formulated as the ratio between the forward fluid energy
dissipation and the inverse fluid energy dissipation like:

‘1>1+¢1)2
Dr + 0y

_ [ )
® /Q :(Vv) dV

Minimize: Obj_fluid = (

¢ :/Qa(v-v) dv

where index f and I refer to the forward direction and reverse di-
rection. € is the aneurysm domain. @ is the viscosity dissipation
and ¢ is the body force friction dissipation.

As we stated before, the implant needs to be supportive and
directive, and objective function can be described as a mean com-
pliance problem:

Minimize: Obj_solid = / (e"Ee) av 5)
JQ

where E is the stiffness matrix. £’ E¢ is the strain energy density.

The boundary conditions on I'p and I'y in the linear elas-
ticity governing equation assist in achieving the design of an
implant with implantation guidance. Furthermore, this implant
exhibits a specific load strength and a continuous structure, al-
lowing it to exert a long-term effective impact on the aneurysm
region.

2.2 Artificial density material

The structural design of implants within an arterial
aneurysm can be simulated by introducing a virtual artificial den-
sity. The material in the fluid region is considered a porous struc-
ture, where regions approaching solid indicate finer porosity. The
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boundary between fluid and approaching solid is treated as a
no-slip boundary, implying that as the area of contact with the
solid increases, so does the frictional force. Therefore, volume
forces can be utilized to distinguish between solid and liquid re-
gions. Darcy’s law, a well-established method, defines fluid flow
through porous media. It states that the fluid flow per unit area
and pressure drop per unit length are proportional and inversely
proportional to the resistance posed by the porous medium to the
flow [33,46]. In this paper, this relationship can be expressed as
follows:

f=—oav
1-— 6
a=10——T1 ©
0.05+7y
where f is the body force.
To distinguish between the solid and fluid domains in the
linear elastic governing equations, a power-law penalization ap-
proach is employed for formulation as follows:

E=(1-y) E+Y E )

where the penalization factor is selected to be 3. E| and E; are
1.35MPa and 1Pa.

The parameter 7y serves as a virtual artificial density, exhibit-
ing variation within the range of 0 to 1. Specifically, y signifies
the fluid domain when approaching 1, and conversely, it indicates
the structural domain when approaching 0. This parameter plays
a crucial role in characterizing the transitional nature between the
fluid and structural components within the computational model.

2.3 Optimization Constraints

In this study, two types of volume constraints are imple-
mented to provide nuanced control over the optimized structures,
specifically aiming to generate a porous structure with internal
channels. The first type is characterized by a conventional over-
all volume constraint. The second type introduces a set of dis-
tributed local volume constraints within the neighborhood of a
specified radius. To achieve this, an artificial array of 4x4x4 lo-
cal positions is defined within the aneurysm domain. Within each
of these defined positions, a local volume constraint is articulated
within a neighborhood radius of 0.45mm [44,47]. 1t’s applied:

Jo(1—7y)dV
15 <l =Ndv_,
0.15< fgldV <0
1 —9)dv
015 < 11DV _ o, ®)

Q. €Q,, n=1,...,64

The incorporation of the Heaviside function is instrumen-
tal in selecting and implementing the local constraints due to its
suitability for derivation purposes. €, is defined by the Heav-
iside function, which is a smoothed function with a continuous
second derivative without overshoot as:

0, ifx<—d
H(x,d)=< 1, ifx>d
a1+a2~(§)+a3~(§)3+a4-(ﬁ)s, otherwise
)

Sy=1-H (r,—R,005x107%) , S,referstoQ,  (10)

where a; = 0.5, a = 0.9375, a3 = —0.625, as = 0.1875, R =
0.45mm. r is the distance to local constraint centers. The local
constraints are chosen as table 1.

TABLE 1. LOCAL CONSTRAINTS CENTER COORDI-
NATES(MM)

X 04 04 12 20
Y -05 -13 -21 -29
Z 00 08 16 24

This meticulous application of volume constraints enhances
the precision of the optimization process and introduces localized
features within the porous structure, contributing to its overall
design intricacy.

Hence, the entire topology optimization problem can be ex-
pressed in the following form:

Minimize: Obj= @) -Obj_fluid+ @, - Obj_solid
1—
st: 0.15< Joll=p) v <0.2
Joldv an
Jo,(1=7)dV — o2
fo, tav ="

Q. €Q,, n=1,...,64

0.15<

3 NUMERICAL EXAMPLE
3.1 3D geometry reconstruction

The data utilized in this study are sourced from authentic pa-
tient records. Pre-treatment rotational angiography scans of brain
aneurysm patients were retrospectively and anonymously col-
lected under Institutional Review Board approval. The aneurysm
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models were extracted from instances located at the bifurcation
of cerebral blood vessels. Axial slices from the rotational an-
giograms were imported into 3D Slicer (slicer.org), segmented
using global thresholding, and the aneurysm geometry was ex-
ported as an STL file as outlined in Figure 4.

Yl
z
rotational
angiography
scans

3D
geometry
rebuild

Segmentation

FIGURE 4. PRE-TREATMENT IMAGES SEGMENTATION PRO-
CESS

3.2 Boundary Conditions Parameters Setting

In establishing the boundary conditions, fluid flow is as-
sumed as an incompressible laminar flow with a Reynolds num-
ber of 500. The density and viscosity of the fluid are respec-
tively set to 1.1 x kg/m>, 3.5 x 10>°Pa-s. The inflow velocity
of forward flow is determined in accordance with the specified
Reynolds number, while the inflow velocity of the reverse virtual
fluid is assigned an average outflow velocity derived from the
computations for forward flow. All boundaries are enforced as
no-slip conditions. On the solid front, Dirichlet boundary condi-
tions are rigorously imposed at the neck of the vessel where the
aneurysm connects to the blood vessel. Furthermore, a virtual
uniform pressure, equivalent to the blood pressure (15KPa), is
applied at the selected surfaces of the aneurysm on I'y, as high-
lighted in Figure 5

3.3 Optimization Results
In this paper, an optimizer is implemented on COMSOL®
Multiphysics software with the method of moving asymptotes

FIGURE 5. SOLID BOUNDARY CONDITION

(MMA). COMSOL has the advantage of managing multiple
physics fields effectively, and the implementation of MMA
serves as a robust approach to optimize the established model
in this research context.

Figure 6 illustrates the correspondence between the model
and the original patient geometry, showcasing the structural evo-
lution during the optimization process. Snapshots are taken at
the initial state and after the 4th, 10th, 30th, and 80th itera-
tions. Although the overall objective function comprises both
fluid and solid components, it is the fluid aspect that predom-
inantly signifies the implant’s potential efficacy in treating the
aneurysm. Strategic weighting between fluid and solid consider-
ations ensures that the optimization is fluid-centric in the initial
20 iterations. During this phase, as the fluid objective function
decreases, the solid objective function experiences an initial in-
crease followed by a subsequent decrease. In the subsequent 60
iterations, the focus shifts primarily to the solid objective func-
tion, incorporating overall and local constraints to craft a porous,
continuous, and manufacturable structure. The optimal structure

Step 4 Step 10

Step 30 Step 30

FIGURE 6. TOPOLOGY OPTIMIZATION PROCESS OF THE IM-
PLANT
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is generated with relatively good continuity and porosity as in
Figure7. The upper and lower sections of the implanted structure
closely resemble the outer wall of the aneurysm and the neck
where the aneurysm connects to the blood vessels. This simi-
larity offers valuable guidance during the implantation surgery
and minimizes the risk of the aftermath of initial treatment such
as collapse and slippage, common occurrences during coil im-
plantation. Additionally, a well-designed porous interconnected
structure will be better able to induce intra-aneurysmal thrombus
formation.

FIGURE 7. IMPLANT STRUCTURE IN MULTI-ANGLES AND
MULTI-CROSS SECTIONS

Figure 8 provides visual comparisons of the pre- and post-
treatment flow fields, clearly illustrating the reduction in flow ve-
locities and the establishment of more stagnant intra-aneurysmal
flow patterns following the implantation of the optimized design.
The streamlines in both images start from the inflow domain with
a consistent count of 1000 streamlines.

To qualitatively assess the performance of the optimized im-
plant design, we compare key hemodynamic metrics before and
after virtual implantation, as summarized in Table 2.

TABLE 2. IMPACT OF THE OPTIMIZED IMPLANT

Metric Pre Post Improv.
Mean velocity (m/s) 0.695 0.157 77.4%
Fluid obj. func. 142 030 78.9%

(b) Fluid flow with Implant

FIGURE 8. FLUID FLOW PERFORMANCE WITH COLOR GRA-
DIENT CORRESPONDING TO THE VELOCITY RANGE

The optimization results demonstrate substantial improve-
ments in the fluid’s objective function and intra-aneurysmal flow
velocity. The fluid objective function, which represents the ra-
tio between the forward and reverse fluid energy dissipations,
decreased from 1.42 to 0.30, indicating a 78.9% improvement
in achieving the desired one-way circulation. If the fluid objec-
tive function approaches zero, it implies that our structure can
achieve nearly complete unidirectional flow. In other words,
when the structure is ideally placed, the blood flowing in the for-
ward direction would hardly enter the region of the aneurysm.
A 78.9% improvement in the objective function signifies a sub-
stantial decrease in the amount of incoming blood. As observed
in Figure 8, the streamline diagram illustrates that streamlines
face difficulty reaching the depths of the aneurysmal sac, indi-
cating that the implant demonstrates a certain flow diverter ef-
fect. Moreover, the mean flow velocity within the aneurysm
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sac was reduced by 77%, from 0.69453m /s before treatment to
0.15718m/s after implantation of the optimized design. One
of the primary reasons for the recurrence of aneurysms after
surgery is the lack of stagnant flow and insufficiently low intra-
aneurysmal flow velocity [48]. The reduction in average blood
flow velocity significantly contributes to the formation of in-
travascular thrombus, thereby reducing the risk of postopera-
tive recurrence. These findings underscore the significant im-
pact of the optimized implant on the fluid dynamics within the
aneurysm.

4 CONCLUSION AND FUTURE WORK

In this study, we presented a computational framework inte-
grating CFD and topology optimization for the design of person-
alized intracranial aneurysm implants. The proposed approach
addresses the limitations of current endovascular devices by
leveraging patient-specific data and an expanded design space to
generate optimized porous implants that reduce intra-aneurysmal
flow velocity and enhance flow stasis for improved thrombosis.

Key contributions of this work include:

1. A multi-physics topology optimization formulation that cou-
ples fluid dynamics, solid mechanics, and porous media
flow to design implants that modulate aneurysmal flow while
maintaining structural integrity and deliverability.

2. A patient-specific optimization problem that incorporates
clinically relevant hemodynamic objectives, local and global
porosity constraints, and anisotropic elasticity to enable
high-resolution implant design.

3. Demonstration of the framework using real patient
anatomies, with optimized implants achieving a 77.4% re-
duction in mean intra-aneurysmal velocity and a 78.9% im-
provement in the fluid objective function compared to pre-
treatment flows.

The optimized porous architectures achieve significant
hemodynamic improvements by diverting flow from the
aneurysm neck, reducing inflow velocity, and promoting flow
stasis within the aneurysm sac. These improvements are realized
through a combination of global and local topology changes that
would be difficult to achieve using conventional implant designs.
The use of a continuum material interpolation scheme enables
the generation of intricate microarchitectures that can enhance
flow stasis and thrombosis potential.

The current study has some limitations, including the use
of steady flow conditions, idealized boundary conditions, and a
limited number of patient anatomies. Future work will focus on
extending the framework to unsteady flows, incorporating more
physiological boundary conditions, and investigating the effects
of non-Newtonian rheology and vessel wall compliance. Rigor-
ous validation studies, including in vitro flow experiments and in
vivo animal studies, will be essential to assess the hemodynamic

performance, thrombotic potential, and biocompatibility of the
optimized implants. Although easy to implement, the SIMP-
based method employed in this study tends to introduce interme-
diate densities, so-called “grey region”. Some sophisticated fil-
tering schemes need to be applied to render a crisp “0-1" design.
To enhance the stability and robustness of the generated struc-
tures, the level set method is another potential topology optimiza-
tion method to obtain explicit fluid-solid boundaries [49-51].

From a translational perspective, the personalized implants
will need to be fabricated using 3D printing or advanced man-
ufacturing techniques and tested for mechanical integrity, dura-
bility, and deliverability. A streamlined clinical workflow, from
patient imaging to implant design and manufacturing, will need
to be developed to enable rapid, on-demand production of
patient-specific implants. Therefore, this method is primarily
intended for non-ruptured and non-emergent aneurysms or sit-
uations where a redesign of the implant is necessary for recur-
rent aneurysms after initial emergency intervention. Regulatory
approval and reimbursement strategies will also need to be estab-
lished to facilitate clinical adoption.

In conclusion, this study demonstrates the potential of inte-
grating CFD and topology optimization to design personalized
aneurysm implants that can significantly improve hemodynamic
outcomes compared to current devices. The future deployment
of implants through a catheter into the target aneurysm is also a
subject that requires improvement and consideration. With fur-
ther development and validation, this approach may enable a new
paradigm of personalized endovascular aneurysm treatment that
can reduce complications and improve long-term patient out-
comes. The framework presented here can also be extended to
other cardiovascular applications where patient-specific implant
design is critical, such as coronary stents, transcatheter valves,
and vascular grafts.
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