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Conclusion: This study introduces the concept of case-based simulation to enhance active catheterization. The idea is to
utilize a case base composed of pi puted navigation simulations, each linked to the descriptive features of

several reference patient cases. For a new patient, this approach allows the retrieval of a set of optimal design and

navigation




Highlights

Support for complex catheterization with active guidewire and configuration software.
Case-based simulation (CBS) merges case-based reasoning and finite element method.
Adaptation of active guidewire design and navigation parameters to patient anatomy.
CBS enables real-time preoperative planning for complex endovascular navigation.
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I. Introduction

Endovascular therapies are more and more popular mini-invasive techniques to treat vascular
pathologies [1]. About 20% of the endovascular procedures involve complex targets (e.g. supra aortic-
trunks or renal arteries), which are difficult to reach with conventional tools as they present large
tortuosities [2]. A study suggests that vessel tortuosity significantly impacts procedural success,
particularly in internal carotid artery access, where increased angulation reduces the likelihood of
effective recanalization [3]. Additionally, prolonged intervention times due to complex navigation lead
to greater radiation exposure, posing risks to patient safety [4]. These factors underscore the need for
advanced navigation strategies to enhance procedural efficiency, reduce radiation exposure, and
improve intervention outcomes. To overcome endovascular navigation difficulties, active
catheterization devices for Neurolnterventional Radiology (NIR) have been proposed [5], [6]. They
mostly focus on the development of catheters or active guidewires based on on-board actuators. In this
domain, Shape-Memory-Alloy-based (SMA-based) actuators are the most extensively studied approach
[7]. Szewczyk et al. [8] developed a new electrically controlled SMA-based micro-actuator using the
shape memory effect of NiTi. This active device is now developed by Basecamp Vascular (BCV) (Paris,
France). It includes a distal portion with two independent controllable SMA-based actuators. The two
controllable flexions are in the same plane but in opposite directions, resulting in an active "S" shape
facilitating the navigation. The use of this device relies on specific gestures that differ from traditional
passive tools. For a given patient, the geometry of the active tool (design parameters) and the associated
gestures (navigation parameters) should be identified in advance to maximize the chances to access the
specific complex target. However, appropriate use of the active device for a specific patient can be
challenging [9]. The issue we address in this study is how to obtain, among a set of predefined
configurations, the most suitable set of design and navigation parameters for a given patient anatomy,

using numerical simulation of active catheterization.

Numerical simulation is indeed an effective approach for evaluating multiple configurations by varying

tool design and manipulation within a patient specific anatomy [10]. For a given patient, it can help
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identify a successful configuration during the preoperative phase, maximizing the chances to reach the
target. By exploring different tool setups and navigation strategies, simulation improves procedural
planning, reducing reliance on intraoperative trial and error and ultimately minimizing procedural time.
Recently, Badrou et al. [11] developed a finite element (FE) model to simulate the endovascular
navigation with the mentioned active guidewire and associated commercially available catheters,
aiming to reach neurovascular targets through the left carotid artery. However, its high computational
cost does not allow, even pre-operatively, to run a large amount of simulations within the clinical
workflow. We hypothesize that an approach inspired by case-based reasoning (CBR) [12] can overcome
the issue of prohibitive computation time. CBR entails solving new problems by reusing solutions
adopted for similar problems in the past. A case base is utilized to identify cases that are analogous to
the new case. The solutions of these cases are then employed to formulate a solution to the new case.
Combining CBR and FE simulation approaches, we introduce and investigate the new paradigm of
case-based simulation (CBS). The case base consists of a limited number of reference cases simulated
from patient data. In this work, it is made up of three typical aortic arches associated with the
configuration that allowed a successful simulated navigation. The configuration suitable for the
catheterization of a new aortic anatomy is then obtained from that of the nearest simulated case, using
an appropriate distance metric based on the aortic centerline geometry. In this paper, after introducing
the global process of the CBS, we present the FE model and the distance metric. We then present the

results obtained on three aortic arches considered as test cases.

II. Method

A. Overview of the method

Case-based simulation consists in finding a successful set of catheterization parameters (design and
navigation) based on the similarity of a new patient with patient cases in which successful simulated
navigation has been precomputed. For this study, the catheterization of the left carotid is considered.
The global approach is given in Figure 1. The idea is to find the adequate catheterization parameters

(described by design and navigation parameters) for the new patient aorta from selected reference
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aortas. The key hypothesis is that aortas with similar geometries will share similar catheterization
parameters. The objective is to identify the so-called retrieved aorta in the database, which is defined
as the aorta which geometry most closely matches the new aorta. Each case is characterized by
describing features that are used to compare the new case with the cases contained in the simulated
cases base. For a new patient, the retrieved anatomy is identified using a distance metric between the
describing features of the new case with those of each case of the case base [13]. The parameters that
enable successful navigation for a given case are called solution features of the case. The solution
features of the retrieved aorta are expected to yield successful navigation in the new aorta. So these
retrieved parameters are directly proposed to catheterize the new anatomy. This would give, almost
instantaneously, support for catheterization by getting close to the result of a time-consuming tuned

simulation.
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Figure 1: Case-based simulation support workflow.

Pre-operative imaging from eight patients is used to segment vascular structures from which meshes
are generated. First, centerlines are extracted from the meshes description of the vascular structure. A
statistical shape model (SSM) is computed from the centerlines of these eight patients, capturing the

main modes of variation in aorta geometry. Among these eight patients, three are selected as reference
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cases for which navigation simulations are manually tuned to find a successful set of configuration
parameters (design and navigation parameters). These parameters are stored as the solution features.
Then, for each reference case, the centerline is projected onto the SSM to obtain its modes coefficients,
which serve as describing features for case comparison. Separately, three additional patients (not
included in the set of eight patients used for SSM construction) are selected for evaluation. For these
test cases, segmentation and mesh generation are performed from preoperative imaging in the same
manner as for the other patients. Their centerlines are also projected onto the SSM to compute their
modes coefficients. When the modes coefficients of one centerline are close to those of another, it
indicates a great similarity between the anatomies (and corresponding endovascular paths) they
represent. To identify the most relevant reference case for a new patient, an Euclidian distance is used
to compare the describing features (SSM modes coefficients) of the new case with those of the reference
cases in the case base. A small distance indicates that the anatomies represented by the centerlines are
similar. Once the closest patient is retrieved, its solution features, i.e., the configuration parameters, are
proposed for the new patient. For the sake of evaluation, the new patient catheterization is simulated
within our FE framework with these configuration parameters. The navigation is deemed successful if

the simulation results in the hooking of the left carotid artery.

B. Data

Pre-operative magnetic resonance angiography (MRA) of the aortic arch was collected retrospectively
on 11 patients from the Hopital Fondation Adolphe de Rothschild (FOR) (Paris, France). For each
patient, the 3D vascular structure was segmented [14] and converted into meshes. Two criteria were
used to characterize the aorta geometries in terms of path complexity towards the left carotid artery,
considering the iso-centerlines as weighted shortest paths. The first one corresponds to the angle
formed by the first stretch of the left carotid and the tangent of the aortic arch at the left carotid
ostium; the second is the angle between the aortic arch apex and the left carotid ostium (see Appendix
A). Based on these criteria, three reference aortas denoted R;, R; and R; were selected for simulation.

These three aortas were chosen to represent distinguishable anatomies. Three other aortas represented
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by Ti, T» and T3 were selected for evaluation. The SSM was computed on the eight aortas that were

not considered for the evaluation.

C. Simulated cases

Active endovascular navigation involves maneuvering an active guidewire made of two active SMA
modules that can be curved under an electric impulse (Figure 2). The guidewire is co-manipulated with
a catheter (Navien intracranial A+), which slides on the guidewire upon reaching the left carotid artery.
An introducer (Neuron MAX catheter) is utilized to stabilize the endovascular tools. In the FE model,
the material properties of the tools were established in a prior study [15]. The device is activated using
a displacement command that curves the active parts. Further details on the FE model, including mesh
characteristics and boundary conditions, are provided in Appendix B, with additional information

available in [11].

A Angle of
T Tip curvature
_t" \
E| v/ ———— Distal /
E ]}v Active part\*K
™M
~ \\_/
N Proximal
- Active part
Y
A
<~——Shaft (@ = 1 mm) .
Navien A+

£ /

S Patient Specific Aorta
S (Rigid)
™M
i

— Introducer
T IE
(@ — (b)

Figure 2: (a) Schematic representation of the active guidewire with two active parts. When the tool is activated,
it takes an S-shape, facilitating navigation. It is manipulated using the end of the shaft in translation or rotation.
(b) Hooking onto a specific aorta is achieved through a combination of various catheters and bending of the
active guidewire, whose performance is assessed based on the angle of curvature. Each color denotes a segment

with specific mechanical properties.
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The navigation simulation is driven by the active guidewire design parameters (L, Ly, and e from
Figure 2) and several navigation parameters that describe a single gesture sequence: at the beginning of
the simulation, the active guidewire is always pushed (with a duration of PushD), then it can be pulled
to limit buckling (at a time PullT and during PullD), then the two active parts are activated at times
(ActivationTyroximar» ~ ActivationTpisiq;) respectively  during (ActivationDyproximais
ActivationDp;¢q1) respectively. The navigation parameters are illustrated in Figure 3. As the catheter
only slides on the guidewire once the hooking is achieved, parameters related to the catheter are not
taken into account. Each simulation configuration is described by a specific set of three design
parameters and seven navigation parameters. Through a trial-and-error approach, we fine-tuned both
the design and navigation parameters until successfully hooking the left carotid for the three reference

aortas that represent the case base.
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Figure 3: Illustration of the navigation parameters during the hooking of the left carotid artery in a patient-

specific aorta.

D. Distance metric

We assume that endovascular navigation configuration is mostly related to the vascular structure
geometry, so the similarity between two cases was evaluated based on their respective geometry. A

Statistical Shape Model (SSM) was first constructed from the centerlines of the set of 8 aortas obtained
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from MRA (including the 3 reference aortas) to obtain a compact representation of the geometry, before

a distance metric was built.

In practice, centerlines were resampled such that the number of points from the beginning of the left
common carotid artery to the end of the left middle cerebral artery was equal to 100. Then only a subset
of 40 points around the bifurcation from the aortic arch to the left common carotid artery was kept: 10
points on the left common carotid artery and 30 points on the aortic arch. These centerlines were then
translated and rotated to describe iso-centerlines. Using these centerlines, the SSM was computed using
singular value decomposition to obtain the modes of the centerline, which represent the principal
components of its shape variability. The second, third, fourth and fifth standardized modes coefficients
resulting from the projection of one centerline onto the SSM were used to describe each anatomy. Each
of the reference and test centerlines were decomposed onto this SSM to obtain its corresponding modes
coefficients. The centerline C of any case can now be reconstructed as: C = ¢ + Y.7_, m;p;, where
¢ represents the mean centerline shape of the SSM, ¢,, @3, P4, s are the modes obtained from the
SSM and m,, m3, my, ms are the modes coefficients. This compact representation highly reduces the
number of scalar coefficients required to describe the centerline: indeed, a centerline originally
represented by 40 3D points (requiring 120 scalars for description) is now described by its four modes

coefficients.

The Euclidean distance between the modes coefficients vectors of two centerlines was used as a
similarity metric. Aortas with similar geometries have comparable SSM modes, so a small distance

indicates a high anatomical similarity. The distance between two anatomies a; and a; was computed as

follows:

d(ai: aj) = [|Myec; — mvecj”
where d(ai, aj) represents the distance between aortas i and j (noted a; and a;), ||. || represents the

. . . . T i i iNT
Euclidean norm, my,..; = (m§ ms m}, mls) and My, j = (mé mé mi mé) represent the modes

coefficients vectors describing aortas i and j respectively.
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II1. Results

This section presents the evaluation results of the proposed method. The method is evaluated with three
cases. For each case, the adequacy of the retrieved configuration parameters is confirmed using FE
simulation.

A. Reference simulations

After a trial-and-error approach and a duration of 3h using 8 CPUs Intel Core 17 2.60 GHz for one
simulation, the simulations for the three reference cases R1, R2 and R3 resulted in the determination
of their respective design and navigation parameters. Over 20 simulations were necessary to identify
suitable parameters for each aorta. The obtained parameters can be found in Appendix C.

B. Case-based simulation

a) Retrieved phase

The values of the distance metric between each test aorta T1, T2 and T3 and each reference aorta R1,

R2 and R3 are given in Table 1.

Table 1: Euclidian distance between test aortas and reference aortas represented by their SSM modes

coefficients. A smaller distance indicates a greater similarity between anatomies.

Reference aortas
Test aortas
R1 R2 R3
T1 3.92 2.93 0.94
T2 3.34 1.67 1.86
T3 1.40 2.36 4.00

Then, design parameters and navigation sequences were extracted from the closest typical aorta using
the CBS. Given the results, the configuration from the reference aorta R3 was retrieved for the test aorta
T1, the reference aorta R2 was retrieved for the test aorta T2 and the reference aorta R1 was retrieved

for the test aorta T3.

b) Simulation phase
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Using the same design and navigation parameters for each pair of reference/test aortas (See Table 1),

the hooking of the left carotid artery was successfully achieved for the test aortas, as seen in Figure 4.
1A A aalal
i \ 1

Al
2“1 b?
LA)

ila \a

Rs

3 I \
12 2 AR \
(ol

Figure 4: Results of the simulations for the six aortas (references and tests). The names of the reference aortas

are highlighted in red. Trial and error method was used to determine the parameters that enable successful
hooking of the left carotid for the reference cases (results in Appendix C). The exact same set of parameters was
applied to each test aorta, and hooking is visibly achieved, eliminating the need for additional simulations for

these cases. The tool highlighted in blue is the active guidewire whereas the tools in black are the catheters.

IV. Discussion

This study introduces CBS, a novel approach to support active catheterization by building a case base
of precomputed successful navigation cases, each associated with patient-specific features. For a new
patient, CBS identifies the most relevant design and navigation parameters by retrieving them from the
closest precomputed reference case, ensuring successful left carotid hooking. Validation on three test
cases confirms the potential of this method to successfully guide navigation. While those results are

preliminary, CBS lays the foundation for a real-time computational tool that identifies successful
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navigation parameters for new anatomies. Unlike classical reduced-order models, it avoids the high
computational cost of training by focusing solely on key navigation scenarios [16], [17].

Despite promising results, several limitations exist. The identified parameters may not be truly optimal,
as multiple parameter combinations could achieve successful navigation. Additionally, a quantitative
comparison between navigation results of each pair of reference and test aortas was not established;
only visual hooking was considered in this work.

The retrieved configuration parameters should usually be applied directly. Nevertheless, if the
computed distance metric is too large, indicating a significant anatomical difference between the new
aorta and the closest reference aorta, a threshold should be set to determine whether the parameters can
actually be used. However, with a sufficiently large database, such cases should be rare. Another
limitation is the restricted number of aortic cases used to build the SSM (8) and the case base (3).
Expanding the dataset is essential for improving method robustness.

Clinically, CBS could improve preoperative planning by predicting successful device and navigation
strategies, reducing trial and error, and minimizing procedural time and radiation exposure [4]. This is
particularly relevant in stroke interventions, where rapid carotid access is crucial, aortic aneurysm
repairs requiring accurate catheter positioning, and renal artery catheterization where tortuous pathways
complicate navigation [18]. The next step is to expand the dataset and refine the CBS framework to
provide the clinician with interventional support. For clinical applications, experimental validation is
also necessary—testing the retrieved parameters in physical phantoms could help assess feasibility.
Ultimately, this tool could optimize complex vascular interventions by reducing procedural complexity

and improving efficiency.

V. Conclusion

This study introduces the new paradigm of case-based simulation to support active catheterization. The
general concept is to generate a case base made of the pre-computed successful navigation simulations
associated with describing features of several patient cases considered as reference cases, and to
retrieve, for a new patient, a set of appropriate design and navigation parameters. The method was

validated on three test cases. It paves the way for a comprehensive numerical tool that, for a new

10
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anatomy, would enable a real-time identification of design and navigation parameters to guarantee the

hooking of the left carotid artery.
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Abstract

Abstract

Objective: Active catheters are intended to support endovascular navigation in complex anatomies.
Nevertheless, their configuration and utilization are challenging. Finite element (FE) modeling
representing the navigation of active guidewires alongside catheters can be considered at an early stage
to identify the best parameters and support physicians in their planning and procedure. However, FE
simulations require significant computation time. We introduce the concept of case-based simulation
(CBS) to quickly find adequate configuration parameters for complex catheterization scenarios.
Method: Combining case-based reasoning and FE simulation, CBS approach is considered to reuse
design and navigation parameters from previous simulations. A case base is made of successful
catheterization simulations performed on reference aorta geometries. For a new patient, a distance
metric based on a statistical shape model is used to determine appropriate catheterization parameters
from previously simulated cases. The proof-of-concept of this method is performed in the case of the
navigation from the aortic arch to the left carotid artery. Among 11 patient-specific aortic arches, three
were selected for the reference FE simulations of the left carotid artery hooking to constitute the case

base and three others were selected for evaluation.

Results: The retrieved parameters allowed a successful simulated navigation in 100% of the test cases.
This demonstrates that the proposed approach can effectively and instantaneously determine

appropriate design and navigation parameters for complex catheterization scenarios.

Keywords: Catheter Navigation, Active Guidewire, Finite Element Modeling, Case-based Reasoning,

Statistical Shape Model.
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Conclusion: This study introduces the concept of case-based simulation to enhance active catheterization. The idea is to
utilize a case base composed of pre-computed successful navigation simulations, each linked to the descriptive features of
several reference patient cases. For a new patient, this approach allows the retrieval of a set of optimal design and

navigation parameters.
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