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Abstract: Due to their effect on aneurysm hemodynamics, flow diverters (FD) have become a routine
endovascular therapy for intracranial aneurysms. Since over- and undersizing affect the device’s
hemodynamic abilities, selecting the correct device diameter and accurately simulating FD placement
can improve patient-specific outcomes. The purpose of this study was to validate the accuracy of
virtual flow diverter deployments in the novel Derivo® 2 device. We retrospectively analyzed blood
flows in ten FD placements for which 3D DSA datasets were available pre- and post-intervention. All
patients were treated with a second-generation FD Derivo® 2 (Acandis GmbH, Pforzheim, Germany)
and post-interventional datasets were compared to virtual FD deployment at the implanted position
for implanted stent length, stent diameters, and curvature analysis using ANKYRAS (Galgo Medical,
Barcelona, Spain). Image-based blood flow simulations of pre- and post-interventional configurations
were conducted. The mean length of implanted FD was 32.61 (+11.18 mm). Overall, ANKYRAS
prediction was good with an average deviation of 8.4% (£5.8%) with a mean absolute difference
in stent length of 3.13 mm. There was a difference of 0.24 mm in stent diameter amplitude toward
ANKYRAS simulation. In vessels exhibiting a high degree of curvature, however, relevant differences
between simulated and real-patient data were observed. The intrasaccular blood flow activity
represented by the wall shear stress was qualitatively reduced in all cases. Inflow velocity decreased
and the pulsatility over the cardiac cycle was weakened. Virtual stenting is an accurate tool for FD
positioning, which may help facilitate flow FDs’ individualization and assess their hemodynamic
impact. Challenges posed by complex vessel anatomy and high curvatures must be addressed.

Keywords: computational stenting; flow diverter stent; intracranial aneurysm; hemodynamics

1. Introduction

Due to their effect on vessel blood flow and aneurysm hemodynamics, flow diverters
(FDs) have become important and widely used instruments for the endovascular treatment
of intracranial aneurysms with proven safety and effectiveness [1-3]. Using a fine braided
mesh, they achieve high surface coverage and divert blood flow away from the aneurysm
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along the axis of the parent vessel [4,5]. This process leads to progressive intra-aneurysmal
thrombosis and neo-intima formation within the parent vessel, eventually causing complete
hemodynamic decoupling between the parent vessel and aneurysm [6-8]. FDs are particu-
larly used for complex, wide-neck aneurysms. Clinical trials evaluating FD effectiveness
demonstrated encouraging outcomes, indicating high complete occlusion rates for treated
aneurysms [1,2,9-14].

Selecting the correct device diameter affects the FD’s ability to create adequate hemo-
dynamic environments for aneurysm occlusion [15]. Both over- and undersizing the device
alters its hemodynamic abilities. Yet sizing and correct deployment of FDs can be chal-
lenging due to irregular vessel anatomy and aneurysm location. Device implantation and
predicting exact device location can be especially challenging in vessels with large caliber
jumps or bifurcations. Not only anatomical characteristics but also technical maneuvers can
affect the final size of the device. Vessel geometry and side branches must be carefully con-
sidered in pre-treatment planning [16]. Furthermore, FDs usually shorten when deployed.
Manufacturers usually provide sizing support using landing zone diameters [17]. Different
diameters of the proximal and distal landing zones and the high curvature of the parent
vessel may lead to over- or undersizing of the device [18,19]. This sizing mismatch may
cause insufficient wall apposition and alter bloodstream hemodynamics, reducing the de-
vice’s ability to occlude the aneurysm or even leading to in-stent stenosis [18,20,21]. To date,
correct sizing and implantation largely depend on the experience of the interventionalist.

In the future, individualized FDs may be designed using software tools based on
the patient’s vessel anatomy to achieve optimal outcomes [22]. Various strategies are
available for virtual stent deployment in diverse aneurysm geometries [17,23-28]. Fast
virtual stenting (FVS) methods are frequently used, as they account for the most relevant
stent properties, balance numerical efforts, and have clinical applicability [29]. Research
has examined FDs and their induced hemodynamic alterations using computational fluid
dynamics (CFD) [30,31].

Narata et al. performed a retrospective validation study using ANKYRAS v2 soft-
ware for several FD devices on 82 patients, including the first generation of the Derivo®
device. They found a mean error between in-vivo implantation and simulations of 7.6%
(SD 6.0%) [17]. In a recent preliminary study on 101 patients, Tong et al. used AneuGuide
software, which applies a similar algorithm to ANKYRAS to simulate implantation with
the pipeline embolization device. They found a mean simulation error of 6.2% with a
good correlation between measured and simulated stent length [32]. Stent length mea-
surements were performed on post-treatment 2D images. Consequently, measurements
become dependent on projection and can potentially render simulation less precise in
curvature vessels.

External validation results for 3D DSA simulations in a clinical setting are still limited.
No solution has been able to adequately predict deployment dynamics [25].

The present study addresses these limitations by focusing on ten patients treated with
a state-of-the-art embolization device. The Derivo® 2 flow diverter is a novel self-expanding
device consisting of 48 nitinol wires that provide better X-ray visibility [33]. The second
generation of the device was introduced in 2020 and provides better radiopacity due to
a higher rate of platinum-iridium core. It has no distal or proximal device markers. The
safety and efficacy of the Derivo® device have been shown in several studies [10,34-36].
Post-interventional data for Derivo® 2 show the desired flow redirection and activity
reduction inside the aneurysm, which is beneficial for thrombosis formation with marked
decreases in neck flow rate and mean inflow velocity [37].

Effective blood flow modulation requires reliable and fast virtual FD deployment method-
ologies. The purpose of this study was to compare the accuracy of patient-specific virtual stent
deployment quantitatively and qualitatively against real 3D-DSA post-implantation results for
the Derivo® 2 device. Image-based blood flow simulations of pre- and post-interventional
configurations were conducted. Correct sizing and positioning were assessed, w.r.t. optimal
blood flow modulation, and vascular geometry. Furthermore, hemodynamic assessments
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of in-vivo FD deployments were performed and compared to the non-treated configuration
to analyze the efficacy of the FD.

2. Materials and Methods

The study protocol was approved by the local ethics committee (Nr. 19/21). For each
dataset, we compared in-vivo stent positions to virtual simulations using the commercially
available ANKYRAS (Galgo Medical, Barcelona, Spain) software solution. Furthermore,
numerical blood flow simulations were conducted based on pre- and post-interventional
image data. Figure 1 illustrates the proposed workflow.

Neurovascular
Anatomy

Hemodynamic

ANKYRAS (Galgo Medical)

Analysis
pre-interventional

post-interventional

Virtual FD
Deployment

Figure 1. Flow chart of the presented workflow. Pre- and post-interventional images were used
to extract the neurovascular anatomy as well as the in vivo FD deployment. Using a web-based
application, virtual FD deployment was compared to the patient-specific in vivo FD. Hemodynamic
comparisons were conducted based on pre- and post-interventional models (including patient-specific
FD position) to investigate the resulting flow modulation effect.

2.1. Patients

We retrospectively analyzed FD implantations for intracranial aneurysms at the De-
partment of Neuroradiology, University Hospital Magdeburg, Germany from December
2020 to May 2021. Complete 3D DSA datasets were available prior to and after the inter-
vention. To allow for comparability, we only selected patients treated with the Derivo®
2 FD embolization device (DED, Acandis, Pforzheim, Germany). Post-interventional 3D
datasets were compared to virtual stent implantations. Both ruptured and unruptured
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cases were included. Interventionalists used 2D images to measure and define device size.
Stent length, stent diameter, and curvature analysis were also compared.

We analyzed 10 out of 13 patients treated with DED for whom complete pre- and
post-3D angiograms were available. Patient characteristics are provided in Table 1.

Table 1. Patient characteristics. ICA: internal carotid artery; MCA: middle cerebral artery.

. Ruptured Aneurysm Size (mm)
Pat. Nr. Sex Age Location Morphology yin (Max-Neck-Dome)

1 female 67 ICA C6 saccular n 10-7-14

2 male 54 Vertebral artery V4 saccular n 2.5-5-5

3 female 63 ICA C7 blister n 3-2-4

4 female 78 Po.stel‘.lor saccular y 5.3-3.3-4.3
communicating artery

5 female 88 Po.ster.lor saccular y 13.5-7-7.5
communicating artery

6 male 66 ICA C6 saccular n 5-4-4

7 female 43 MCA M1/M2 saccular n 2-2-2

8 female 49 ICAC7 dissecting y 3-3.5-2.5

9 female 51 ICA C6 saccular n 6-1.8-6.5

10 female 64 ICA Cé6 saccular n 7-11-3.45

2.2. Image Acquisition

All treatments were performed using a flat-panel C-arm system (Axiom Artis Q,
Siemens Healthcare, Erlangen, Germany). For pre- and post-implantation, 5 s 3D DSA
was performed. FD size selection and deployment were performed by an interventional
radiologist with over 10 years of experience. 3D datasets were calculated from a DynaCT
performed in each case. An isotropic voxel resolution of 0.28 mm was used for all image
acquisitions.

2.3. Segmentation
2.3.1. Neurovascular Anatomy

To segment patient-specific vascular structures based on 3D DSA data, MeVisLab
(v3.4.1, MeVis Medical Solutions AG, Bremen, Germany) was used. Threshold-based
methods and global Laplacian smoothing were used to obtain initial segmentation results.
After converting the initial results into a 3D surface mesh, manual corrections were applied
in the open-source 3D creation suite Blender (v2.9, Blender Foundations, Amsterdam, The
Netherlands). Post-processing steps included the removal of artifacts from the surface
mesh, separating incorrectly fused vessel sections, and optimizing the triangulated mesh.
For maximum accuracy, the segmentations were assessed by an experienced interventional
radiologist and created by a medical engineer with more than 3 years of experience in
anatomical vessel segmentation. These steps were performed for all 10 patients based
on pre- and post-interventional 3D DSA data, resulting in 20 patient-specific 3D models
(see Figure 2).

2.3.2. In Vivo Flow Diverter Deployment

To obtain the exact position and shape of the implanted flow diverter stent, a mask
series of post-interventional 3D DSA datasets was used. Based on these images, 3D
models representing the deployed stent were extracted using threshold-based segmentation
methods implemented in MeVisLab. Enveloped surfaces indicating the in vivo stenting
results were subsequently used to reconstruct the real stent within the vascular structures.

2.4. Virtual Stenting

The web-based application ANKYRAS (Galgo Medical, Barcelona, Spain) was used to
simulate FD deployments and comparisons with real FD deployments. The user can select
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a patient-specific FD size (recall Table 2) and indicate the desired stent position. Based on
the segmented surface meshes, the algorithm analyzes the local morphological features of
the lumen. Therefore, the vessels” centerline was calculated as well as the vessel diameters
of discrete sections based on the diameter of the maximum inscribed spheres. The nominal
FD configurations were deployed starting at the distal endpoints. The algorithm calculates
the proportion of nominal FD length required for vessel wall adaptation based on vessel
morphology. Depending on the local vessel caliber and curvature, the underlying length
change function considers the foreshortening effect of the virtual device. This results in a
three-dimensional deformed surface representing actual FD geometry and is applicable
within seconds to ensure clinical usability. We recommend interested readers to Fernandez
et al. [38] for further details on the virtual stenting algorithm.

2.5. Image-Based Blood Flow Simulation

Segmented surface mesh models of neurovascular anatomy (see Figure 2) were con-
verted into volume meshes using polyhedral and prism cells (three layers at the outer wall)
with a mean base size of 0.2 mm. To represent FD treatment within the hemodynamic simu-
lation, an in-house-developed FVS tool [39] was applied. The Derivo® 2 FD’s morphological
properties were obtained using nominal stent parameters provided by the manufacturer.
Furthermore, the extracted in vivo deployment allowed patient-specific positioning for
each FD. The generated virtual FDs were also spatially discretized using polyhedral cells.
A small base size of 0.02 mm was used for remeshing to properly resolve all stent struts.
Transient numerical simulations were conducted using the finite-volume-based solver
StarCCM+ (v15, Siemens PLM Software Inc., Plano, TX, USA). Since no patient-specific
flow information was available, representative flow waveforms were applied to the inlet
cross-sections, according to Durka et al. [40]. For multiple outlets, an advanced in-house
flow-splitting algorithm was used [41]. In all twenty configurations, blood was treated as
an incompressible (P = 1055 kg/m?®) and Newtonian fluid (n = 4 mPa s). Furthermore, rigid
walls as well as a laminar flow behavior were assumed.

Patient 1 Patient 2 Patient 3 Patient 4

/

Patient 5 Patient 6 Patient 7

Patient 8 Patient 9 Patient 10

Figure 2. Overview of segmented 3D models for ten intracranial aneurysms before deployment of
the FD stents. The red arrow indicates the location of each aneurysm.
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Table 2. Quantitative comparison of virtual and real deployment lengths in 10 patient-specific cases.
Notice the sufficient agreement with a slight overestimation of the pre-interventional planning tool in
almost all patients (FD = Flow Diverter).

Patient FD Size Ii‘e;’;‘t’ﬁ' X;:;:‘li % A
01 5.5 x 30 58.6 47.08 —20%
02 5 x 25 38.9 39.71 2%
03 5 x 25 34.66 37.84 9%
04 5 % 20 31.818 3371 6%
05 5 % 20 37.42 43.04 15%
06 5 x 15 3056 3221 5%
o7 4% 20 2933 326 11%
08 4% 15 25 23.686 5%
09 415 2248 2451 9%
10 35 x 15 19.85 19.66 1%

2.6. Quantitative and Quantitative Analysis

When reconstructed from 3D DSA, each stent provides an enveloped surface on which
the individual stent struts are not resolved. Due to the limited resolution of the imaging
modality, this envelope is thicker than the actual tine diameter. Therefore, a median
surface was created using StarCCM+ in which the outer and inner surfaces were translated
towards one another until contact was achieved. This process allowed the diameter of
the deployed in vivo stent to be calculated. VMTK (v1.4.0, vintk.org) was employed to
extract the centerline and diameter of the stent and corresponding vessel. All data analyses
were performed with MATLAB (v9.9, MathWorks, Natick, MA, USA). These results were
compared to those of commercially available software.

To investigate the FD-induced flow modulation effect, the time-averaged wall shear
stress (AWSS) was calculated [42] to describe the tangential stress against the luminal wall.
In addition, the velocity at the ostium’s inflow area was extracted.

3. Results

Implanted Derivo® 2 FDs had a mean length of 32.61 mm (£11.18 mm). Overall
agreement between virtual and real deployment lengths of the analyzed cases was high
with a mean deviation of 8.4% (£5.8%) in the ANKYRAS simulation compared to in vivo
stent sizes. In 8/10 patients, sizing was slightly over-predicted with a mean of 9%. In2/10
patients, the software slightly underestimated the stent length. The mean diameter ampli-
tude for implanted stents was 1.75 mm and 1.99 mm in simulation. The values for in vivo
stent position, virtual simulation, and stent diameters are summarized in Tables 2 and 3.

Table 3. Quantitative comparison of real and virtual deployment stent diameters for ten patient-
specific cases. Overall, a slight overestimation of diameter amplitude is seen in the simulation.

Stent Diameter (mm
Patient Location ( )

Virtual Simulation In Vivo
Proximal 3.77 3.46

01 Min-Max 2.09-4.55 2.82-5.67
Distal 2.6 2.36
Aneurysm 4.55 5.67
Proximal 3.66 4.39

0 Min-Max 3.51-4.27 3.51-5.15
Distal 3.57 3.61

Aneurysm 4.14 5.15
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Table 3. Cont.

Stent Diameter (mm
Patient Location ( )

Virtual Simulation In Vivo

Proximal 413 4.32

03 Min-Max 3.17-5.23 2.30-4.71
Distal 3.17 2.67
Aneurysm 3.58 2.88
Proximal 3.02 3.88

04 Min-Max 2.19-4.61 2.67-4.33
Distal 2.59 3.45
Aneurysm 2.44/2.36 3.48
Proximal 3.94 4.12

05 Min-Max 1.42-4.11 0.92—4.12
Distal 1.52 1.03
Aneurysm 3.11 3.71
Proximal 3.47 4.15

06 Min-Max 1.05-3.66 1.71-4.15
Distal - 2.03
Aneurysm 1.41 2.93
Proximal 2.54 3.83

07 Min-Max 2.54-3.58 2.37-3.83
Distal 2.6 2.95

Aneurysm 3.19/2.68 3.11/2.85
Proximal 3.52 3.91

08 Min-Max 2.66-4.11 2.18-4.14
Distal 2.75 2.89
Aneurysm 3.32 4.14
Proximal 3.43 3.23

09 Min-Max 3.03-3.69 2.73-3.7
Distal 3.27 3.34
Aneurysm 3.69 3.7
Proximal - 3.48

10 Min-Max 2.10-3.40 2.34-3.62
Distal 3.36 2.58
Aneurysm 2.65 3.62

Case 1 had the greatest deviation from in vivo stent size, with ANKYRAS underesti-
mating stent length by 20%. The patient’s vasculature in this case had a significant level
of pathological dilatation, making it difficult to produce a virtual file for stent placement.
Since the anterior cerebral artery’s (ACA) distal outlet was not properly segmented, the
simulation did not allow for precise FD placement. While in vivo, the FD’s distal end had
to be placed in the proximal MCA due to excessive curvature. Virtual stenting could not be
precisely reproduced because of the relatively low quality of segmentation.

Cases 5 and 7 showed relatively high extension in the simulation. Case 5 had the
second-highest deviation from in vivo length. The vessel exhibited high curvature and
severe stenosis proximal to the aneurysm. There was a high caliber jump between the
proximal and distal diameters, from 1.42 mm to 4.11 mm (Table 3). ANKYRAS segmentation
showed a stenosis at the distal stent landing zone, which artificially lengthened the stent.
The vessel diameter covered by the stent was 3.12 mm on average. By comparison, the
ANKYRAS segmentation had an average diameter of 2.48 mm. This difference was a major
contributor to the exaggerated prediction. Case 7 had two small aneurysms and two FD had
to be implanted. The placement of the first FD was too proximal; therefore, a second one
was placed distally to cover both small aneurysms. The vessel exhibited a high curvature
with 1/4 of the stent’s length experiencing this curvature (>0.2 R).
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Case 4 had two aneurysms and an over-prediction of length by 11%. The vessel diam-
eter was smaller than expected for a 5 mm stent, potentially caused by size unavailability.
The software significantly oversized the stent distally. It is possible that ANKYRAS could
not capture significant stretching caused by the contraction of the stent.

Cases 2, 6, and 8 showed good agreement between in vivo sizing and software simula-
tion. Case 2 had only a minor difference of 2% from the in vivo size. The vessels exhibited
the lowest curvature of all 10 patients. There was a minimal caliber jump between the
proximal and distal diameters in the simulation (Table 3). A minor disagreement of 5% was
observed between cases 6 and 8 with the in vivo size. Both showed a very low curvature.
In case 6, the vessel had a flattened cross-sectional shape at and distal to the aneurysm,
which compressed and lengthened the stent. The caliber jump between the proximal and
distal diameter was 2.61 mm. Case 8 showed no vessel stenosis or other pathology.

In cases 3 and 9, the software simulation deviated by 9% from the in vivo stent size.
The vessel in case 9 underwent a sharp bend due to high curvature. Nevertheless, strong
agreement with the simulation was seen. Case 3 exhibited an average internal carotid artery
(ICA) curvature. Compared to other cases, it seems as though the stent straightened the
distal ICA (Figure 3), which may explain the disagreement in size.

ANKYRAS ANKYRAS

Figure 3. Qualitative comparison of in vivo (left/blue) and virtual (right/yellow) stenting results for
all ten patient-specific intracranial aneurysms.

Hemodynamic simulations of the pre- and post-interventional state allow us to inves-
tigate the flow modulation effect due to the deployed FD. Figure 4 shows their effect on
the AWSS at the luminal vessel walls of the aneurysm sac. It is qualitatively visible that
all cases show decreasing shear stresses after deployment. This effect is most evident in
cases 6 and 9, whereas cases 1 and 4 show a moderate reduction. In cases 5 and 10, a strong
reduction in the AWSS in the distal area of the aneurysm dome is apparent. However, there
are still noticeably increased shear stresses in the entrance area close to the ostium.

In Figure 5, the flow modulation effect is perceived with respect to the velocity at
the ostium inflow area. Here, all cases exhibit a reduction in velocity magnitude after
FD deployment. For cases 1 and 2, the slowdown of the flow is the lowest. Moreover, a
homogenization of velocity curves over time is visible in all other cases.
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pre- mterventlonal post-interventional pre-intervention:l post-interventional
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035810

Figure 4. Qualitative comparison of time-averaged wall shear stress (AWSS) on the luminal surface
before (pre-interventional) and after (post-interventional) FD treatment for all ten patients.
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Figure 5. Time-dependent inflow velocity at the ostium area over one cardiac cycle. The red and
green curves indicate pre- and post-interventional states, respectively.

4. Discussion

FDs do not physically exclude the intracranial aneurysm from blood flow but cre-
ate hemodynamic conditions to trigger thrombosis and remodeling. Therefore, correct
aneurysm deployment of FDs is key to inducing intra-aneurysmal blood flow changes. The
hemodynamic effects of FDs, as well as metal coverage along the parent arterial segment,
are significantly influenced by the interplay between the nominal dimensions of the device
and those of the parent vessel [17]. Thus, choosing the correct size affects the device’s
hemodynamic abilities. Undersizing can result in poor wall apposition and insufficient
coverage of the aneurysm ostium and hyperplasia of the intima [19,21,43]. On the contrary,
oversizing may lead to inefficient aneurysm occlusion and in-stent stenosis [15]

In this study, we examined the accuracy of virtual FD implantation by comparing
in vivo stent positions to virtual simulations using the commercially available ANKYRAS
software solution. We investigated FD implantation for ruptured and unruptured intracra-
nial aneurysms in 10 patients using the novel Derivo® 2 device. Our goal was to validate
the precision of FD length and diameter, as predicted by the software. Simulations based
on pre-interventional angiograms were compared to rarely available post-interventional
implantation characteristics. Furthermore, we analyzed treatment-related flow modula-
tion effects using hemodynamic simulations based on patient-specific post-interventional
FD positions.

In our dataset, the overall agreement between the software simulation and in vivo
stent size was clinically sufficient, with an average deviation in length of 8.4% in the
simulated cases. The software tended to be more accurate in low-curvature vessels. In
vessels exhibiting a high degree of curvature, however, relevant differences between the
simulated and real-patient data were observed. The average deviation of the implanted
length was 3.13 mm (SD +3.32 mm), which is in line with Kellermann et al. [21]. However,
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we did not need the co-registration of flat panel CT images to co-register images, which is a
main limitation in Kellermann’s study. A slight overestimation of diameter amplitude was
seen in the simulation.

Choosing the correct size for FD deployment is crucial for intra-aneurysm hemody-
namic effects. However, sizing can be challenging even for experienced interventionalists.
Stent foreshortening can lead to relevant differences between nominal and implanted de-
vice sizes, which can be modified by the interventionalist through device manipulation
during the procedure. Therefore, foreshortening is not only influenced by the stent or FD
design but also highly depends on the deployment mode. In everyday clinical practice, a
deviation between the nominal and implanted length of a few millimeters is considered
acceptable, at least in traditional stenting or FD placement. However, the tolerance level
depends on vessel anatomy. If the FD is implanted proximally or distally in a branching
vessel or large vessel curvature, a higher accuracy of 1-2 mm is desirable. In other cases, a
higher deviation from in vivo sizing may be acceptable. Our study shows that the software
delivers more precise length prediction in smaller vessels, without complex vessel anatomy,
as there is less stent extension regardless of curvature.

One limitation of the simulation tool employed in this study is that adjusting the
landing zone or device positioning is not possible. While such simulations prove clinically
sufficient in most treated cases, they may fall short in scenarios involving patients with
compounded vessel pathologies or curvatures. The ability to modify these parameters
becomes particularly crucial in ensuring more accurate length predictions. One example
from our dataset is case 1, where the vessel exhibited a high level of pathological dilation,
causing difficulty in the stent deployment simulation. In such instances, adapting the
landing zone and device positioning may contribute to a more precise simulation and
address the complexities introduced by certain anatomical features.

Other studies have noted the advantages of virtual stenting in device selection [18].
The technical approaches to virtual stenting described here are very different. Generally, a
compromise between modeling accuracy and computational effort must result in varying
stenting possibilities. Techniques based on the finite-element method allow for precise con-
sideration of deformation behavior (including stent release and stent-wall interaction) and
considerable simulation times are required, heavily limiting clinical applicability [32,44].
Other so-called FVS approaches are based on active contours or free-form deformations em-
ploying representatives of the actual braided stent structures [26]. The ANKYRAS software
chosen in this study is associated with this class of algorithms. We recommend the inter-
ested reader to Berg et al. [45] for more information on the advantages and disadvantages
of different virtual stenting techniques.

Even if software simulation is not widely used in clinical practice today, future ad-
vancements in FD design, such as individualized proximal and distal stent diameters or
changing braiding angles, will necessitate the development of software tools that ade-
quately and reliably predict stent positioning. As a result, estimation accuracy becomes
extremely important. Our findings revealed that prediction heavily depends on segmen-
tation quality, and that sizing becomes increasingly erroneous with complex vascular
architecture. These issues must be addressed in future software designs before the tools
can be employed in the clinical planning of customized devices.

The analysis of pre- and post-3D DSA data in our study adds significantly to data
accuracy because no 2D /3D co-registration step was necessary for enabling 3D images or
data comparison in the same segmented dataset.

The conducted hemodynamic simulations allowed us to investigate the desired flow
reduction efficacy. The AWSS decrease in all cases indicated reduced intraluminal flow
activities, yielding the desired occlusion of the aneurysms (Figure 4). Reduced inflow
velocities also showed the slowdown of the flow due to the FD (recall Figure 5). The
hemodynamic results are in line with the findings of Kulscar et al. and Dholakia et al.,
concluding that such conditions are necessary for thrombosis formation [46,47].
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As highlighted earlier, challenging anatomical features or segmentation issues can
contribute to inaccurate simulation outcomes, elucidating the minimal disparities in veloci-
ties observed at the ostium inflow area in case 1 (Figure 5). It is important to acknowledge
that intricate anatomical configurations, such as those encountered in case 2 (involving
post-dissection aneurysms), where identifying the ostium itself can pose challenges, may
also be associated with simulation difficulties. In instances similar to these cases, the
simulation results may be influenced by complexities in the anatomical structure. However,
it is noteworthy that despite these specific cases, the simulations conducted on a diverse
range of anatomies consistently produced highly accurate and plausible results, reinforcing
the methodology’s reliability across various scenarios.

The major limitations of our analysis are the low number of cases and the retrospective
design of the study. Due to the novelty of the Derivo® 2 device, the number of treated cases
is still limited. Furthermore, segmentation results influence virtual stenting since segmen-
tation parameters might change vessel diameters [48]. In addition, no virtual stenting tool
can currently model manipulation steps during FD implantation initiated by the interven-
tionalist. However, these stent deployment techniques (pushing/pulling) can significantly
influence the length of braided stents and implantation results. Furthermore, the blood
flow simulations show limitations with respect to the selected boundary conditions, e.g., for
the inflow curves, representative values were selected from the literature. These conditions
may not reproduce the effects of organs and vessels outside the simulated region [49,50].

5. Conclusions

Our validation analysis shows that virtual simulation of stent implantation is a clini-
cally sufficient and accurate tool for FD implantation and post-implantation flow modula-
tion that helps interventionalists achieve optimal results in clinical practice. We demon-
strated the robustness of the simulation methodology across a diverse range of anatomies.
Our study sheds light on potential limitations associated with challenging anatomies while
underscoring the overall reliability and applicability of the simulation approach. Future
refinements in segmentation techniques and simulation algorithms could further enhance
the accuracy of results. Simulation may assist device selection by fully exploiting FDs’
intra-aneurysmal hemodynamic effects.
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Abbreviations

ACA  Anterior cerebral artery

AWSS  Time-averaged wall shear stress

ICA Internal carotid artery

FD Flow diverter

FVS Fast virtual stenting

DSA Digital subtraction angiography

DED2  Derivo® 2 flow diverter embolization device
MCA  Middle cerebral artery
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