PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Roloff C, Berg P (2022) Effect of flow
diverter stent malposition on intracranial aneurysm
hemodynamics—An experimental framework
using stereoscopic particle image velocimetry.
PLoS ONE 17(3): 0264688. https://doi.org/
10.1371/journal.pone.0264688

Editor: Stephan Meckel, RKH Klinikum
Ludwigsburg, GERMANY

Received: December 22, 2020
Accepted: February 15, 2022
Published: March 2, 2022

Copyright: © 2022 Roloff, Berg. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting information
files.

Funding: This study was partly funded by the
Federal Ministry of Education and Research in
Germany within the Forschungscampus
STIMULATE (grant number 13GW0095A) and the
German Research Foundation (grant number BE
6230/2-1).

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Effect of flow diverter stent malposition on
intracranial aneurysm hemodynamics—An
experimental framework using stereoscopic
particle image velocimetry

Christoph Roloff', Philipp Berg®'2*

1 Laboratory of Fluid Dynamics and Technical Flows, University of Magdeburg, Magdeburg, Germany,
2 Research Campus STIMULATE, University of Magdeburg, Magdeburg, Germany

* berg@ovgu.de

Abstract

Background

Flow-diverting stents are increasingly used for the minimally-invasive treatment of intracra-
nial aneurysms. However, a correct positioning of such devices can be challenging due to
varying vessel diameters as well as the complex anatomy of the neurovasculature. As a
consequence, unsuccessful treatment outcomes are increasingly reported requiring an
improvement of the understanding of stent-induced flow modification.

Methods

To evaluate the effect of different degrees of flow diverter stent malposition on intra-aneu-
rysmal hemodynamic changes, a controlled hemodynamic configuration was created using
an idealized intracranial aneurysms model. Afterwards, four different treatment scenarios
were reproduced comprising of 1) the ideal treatment, 2) an insufficient wall apposition in
the region of the ostium, 3) a distorted device migrating into the aneurysm sac and 4) an
inaccurately deployed stent due to wrong release location. For the assessment of the indi-
vidual flow modifications, high-resolution stereoscopic particle image velocimetry (PIV)
measurements were carried out.

Results

The analysis of the precise in-vitro PIV measurements reveals that in all cases a consider-
able reduction of the cycle-averaged and peak-systolic velocity was obtained. Compared to
the untreated aneurysm configuration, the flow reduction ranged from 63% (scenario 4) up
to 89% (scenario 3). The ideal treatment reached a reduction of 78%, which is known to be
sufficient for a successful therapy. However, inaccurate device positioning leads to
increased oscillating flow towards the lateral directions reducing the chances of sufficient
thrombus formation.

PLOS ONE | https://doi.org/10.1371/journal.pone.0264688 March 2, 2022

1/15


https://orcid.org/0000-0003-4140-6771
https://doi.org/10.1371/journal.pone.0264688
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264688&domain=pdf&date_stamp=2022-03-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264688&domain=pdf&date_stamp=2022-03-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264688&domain=pdf&date_stamp=2022-03-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264688&domain=pdf&date_stamp=2022-03-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264688&domain=pdf&date_stamp=2022-03-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0264688&domain=pdf&date_stamp=2022-03-02
https://doi.org/10.1371/journal.pone.0264688
https://doi.org/10.1371/journal.pone.0264688
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Unsuccessful treatment of intracranial aneurysms

Conclusions

High-resolution in-vitro PIV measurements enable an accurate quantification of the treat-
ment efficacy for flow-diverting devices. Furthermore, insufficient treatment outcomes can
be reproduces allowing for an assessment of intra-aneurysmal hemodynamic changes.

1. Introduction

Intracranial aneurysms (IAs) are permanent dilatations of the cerebral vessel wall and rupture
can lead to severe consequences such as sudden death or irreversible disabilities. For many
decades, the most effective form of treatment was open surgery, in which a metal clip was
placed at the neck of the aneurysm separating it from the permanent blood flow circulation [1,
2]. However, due to interventional risks as well as long recovery periods, minimally-invasive
treatment techniques were invented. In this regard, platinum coils were introduced into the
aneurysm sac using a microcatheter [3-5]. Hence, the blood flow can be reduced, and a throm-
bosis occludes the TA naturally. Unfortunately, the placement of coils can lead to insufficient
coverage of complexly shaped aneurysms or even inter-procedural perforation of thin aneu-
rysm walls. Therefore, flow-diverting (FD) devices were developed, which are densely-braided
stents that also dampen the flow into the aneurysm. However, in contrast to the coiling proce-
dure, FDs are deployed within the parent artery and therefore treat the entire diseased vessel
section and not only the symptom of this disease.

Over the past years, many clinical studies were carried out that reported the treatment suc-
cess and usability of different FD devices [6-11]. On the other hand, several undesired treat-
ment outcomes were observed, which raised concerns regarding the efficacy especially for
complex aneurysms [12-18]. Kulcsar et al. [14] reported that FDs can lead to a strong reduc-
tion of the intra-saccular flow, however delayed rupture is still possible when the aneurysm is
not suited for this type of therapy. Furthermore, an investigation, which includes the measure-
ment of intra-aneurysmal pressure before, during and after FD deployment, revealed that
although the flow is reduced due to the therapy, the pressure load remains almost identical
[16]. Recently, Sindeev et al. [17] highlighted the importance of complete FD expansion and
correct wall apposition in order to successfully treat IAs. In their case study, an incomplete
deployment was associated with the occurrence of intimal hyperplasia. Overall, a literature
review by Rouchaud et al. [15] demonstrates that many giant aneurysms treated with FDs tend
to experience delayed rupture (almost 50%). Additionally, treatment complication rates of
18% overall and up to 27% in the posterior circulation were reported [8].

To address the described clinical observations, this experimental study focusses on a
detailed investigation of undesired, but potentially occurring treatment outcomes. Therefore, a
framework with controlled conditions was established using an idealized IA as well as four dif-
ferent deployment scenarios. Within this framework the effect of potential FD treatments
(containing variants of wall apposition) was evaluated using highly-resolved in-vitro measure-
ments based on stereoscopic particle image velocimetry (PIV). In this regard, an experimental
environment was established to provide precise flow information for future comparisons
and evaluate the effect of different degrees of FD stent malposition on intra-aneurysmal
hemodynamic changes. Furthermore, the flow-related effects of undesired deployment results
can be predicted enabling physicians to decide whether treatment adjustment is needed or
not.
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Fig 1. Investigated aneurysm case. a) Sketch of the idealized aneurysm geometry representing a typical candidate of a saccular malformation occurring in
the neurovasculature; b) Phase-averaged flow rate as measured by the ultrasound flow meter.

https://doi.org/10.1371/journal.pone.0264688.9001

2. Materials and methods
2.1 Case description

For this study, an idealized spherical side wall aneurysm with a diameter of 20 mm was chosen,
which represents a common aneurysm size for endovascular treatment. The parent vessel fea-
tured a diameter of 4 mm (representative diameter for a cerebral vessel such as the middle
cerebral artery) and was bent to an angle of 120° (see sketch presented in panel a) of Fig 1).
This controlled situation enables the assessment of device-related flow modifications and
hence is suitable for the desired FD efficacy quantification.

From the 3D CAD model, a transparent phantom model for the PIV measurements was
manufactured using a lost core technique resulting in a silicone block incorporating the hollow
vessel structure. The refractive index of the silicone was measured to be ngjjicone = 1.4113 at
22°C (Abbemat 200, Anton Paar, Ostfildern, Germany). For the blood analogue liquid (BAL),
a mixture of distilled water, glycerin, sodium iodide and sodium thiosulphate was used, which
matched the refractive index of the silicone block (nga; = 1.4109) as well as relevant fluid
dynamic properties compared to physiologic arterial flow, i.e. its density of pga; = 1221 kg-m™
and dynamic viscosity of uga;, = 5-10-3 Pa-s result in a kinematic viscosity of vgay, = 4.1-10-6
m?s". This corresponds to a dynamic viscosity of real blood of yjo0q = 3.9-10-3 Pa-s (assum-
ing a density of ppjo0a = 1060 kg~m'3). Small resin microspheres doped with Rhodamine B
(diameter d = 10.46 + 0.18 pm, density p = 1510 kg-m™) were used as seeding for the PIV
measurements.

2.2 Flow diverter treatment scenarios

To obtain a reference solution, measurements were carried out in the empty silicone model
(Case “no FD”). However, for the various treatment scenarios an Acandis Derivo 4,5 x 30
embolization device (Acandis GmbH, Pforzheim, Germany) was deployed in the parent vessel
of the phantom at four different positions—Case “FDC1”: The device was deployed in a close-
fitting, symmetrical manner with respect to the parent vessel. This configuration represents
the ideal clinical treatment outcome with perfect wall apposition; Case “FDC2”: The FD
device was dragged softly inside the aneurysm resulting in a strut compression in the region of
the ostium, an insufficient wall apposition and a reduced longitudinal extension in both sides
of the parent vessel. In reality, this can occur especially in vessel sections with strong curvature;

PLOS ONE | https://doi.org/10.1371/journal.pone.0264688 March 2, 2022 3/15


https://doi.org/10.1371/journal.pone.0264688.g001
https://doi.org/10.1371/journal.pone.0264688

PLOS ONE Unsuccessful treatment of intracranial aneurysms

Case “FDC3”: The axial center of the FD was drastically dragged into the aneurysm leading to
a curved part of the device extending through the neck into the sac with one end just connect-
ing to the inlet vessel. This configuration simulates a scenario, when the FD was loosely
released and migrates into the aneurysm sac due to the pulsatile nature of blood flow; Case
“FDC4”: The FD was moved downstream into the outlet vessel such that one end of the device
was freely suspended in the aneurysm sac. This case represents the situation, when the deploy-
ment started at a very distal location or an under-sizing of the device occurred. Consequently,
the proximal part of the stent is not sufficiently located in the vessel section and remains or
regresses into the aneurysm sac. A visual representation of all four treatment scenarios as well
as a detailed view resulting from long exposure PIV reconstructions is given in Fig 2.

Fig 2. Illustration of the investigated treatment scenarios with Flow Diverter Cases 1 to 4 (FDC1 to FDC4). The real deployment within the silicone
phantom model is shown (FDC1-FDC3: phantom mostly filled with index matching fluid, FDC4: phantom filled with water leading to slight refractions) as
well as the PIV measurement plane containing a detailed view of the flow diverter location resulting from long exposure flow tracer reconstructions (upper
right corner).

https://doi.org/10.1371/journal.pone.0264688.9002
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2.3 In-vitro investigation

During the PIV measurements, the phantom was placed inside a transparent acrylic box with
two inclined walls and filled with index matching fluid. A laser light sheet was directed to illu-
minate the sagittal plane of the aneurysm. The two stereoscopic PIV highspeed cameras
(sCMOS, 2560x2160 pixel) observed the flow through the inclined windows from the side of
the acrylic box to minimize optical aberrations such as astigmatism. A micro-gear pump
(HNP Mikrosysteme, Schwerin, Germany) delivered the periodic flow (see panel b) of Fig 1),
which was monitored by an ultrasonic flow meter (Sonotec, Halle, Germany). It results in a
maximum Reynolds number of Re = 1025 and a Womersley number of Wo = 2.54. To ensure
a fully developed laminar flow profile, the inlet connector to the phantom consisted of a 500
mm straight tubing. The PIV double frame recordings were conducted at a frequency of 0.5
kHz (triggered by the pump control), where the interframe time was set between 200 us
(noFD) and 900 ps (FDC3). For each scenario, 36 periodic cycles were recorded resulting in
36.000 double frame pairs accordingly. Velocity processing was conducted via DaVis 8.4.0
(LaVision, Gottingen, Germany) using a multi-pass stereo cross-correlation with a final inter-
rogation window size of 32x32 px and 50% overlap resulting in one velocity vector every

141 um. The velocity fields were then phase-averaged for further analysis. A schematic sketch
of the measurement setup together with an image of the actual measurement equipment is
shown in Fig 3.

2.4 Qualitative and quantitative analysis

For the assessment of each FD efficacy, qualitative analysis was carried out based on the results
obtained in the five in-vitro experiments. Here, the sagittal plane of the symmetric aneurysm

Fig 3. Experimental setup. (a) Principle sketch of the stereoscopic PIV setup involving laser (1), sheet optics (2), acrylic glass box with the phantom (3),
flow meter (4) and gear pump (5); (b) Detailed view of (a) as seen from behind with the stereoscopic PIV camera pair (6); (c) Photography of the real
measurement setup including the straight inlet tubing (7) as well as the estimated propagation of the laser light sheet.

https://doi.org/10.1371/journal.pone.0264688.9003
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was chosen since it reveals the regions of highest device impact. Furthermore, regions of high
and low flow can be identified, which can be crucial for the evaluation of wall shear stresses
and shear rates to potentially address IA rupture risk and thrombus formation, respectively.

Afterwards, quantitative comparisons were performed focusing on the cycle-averaged
velocity (Upean) and the standard deviation of the out-of-plane velocity component (U, stp),
respectively. Furthermore, the velocity curves at three characteristic locations were monitored
for each configuration (inflow jet, aneurysm dome, proximal area of the ostium) and finally,
the disturbance of the flow fields was assessed using the oscillatory velocity index (OVI, see Eq
1, while v; is the instantaneous flow velocity vector and T is the duration of one cardiac cycle)
[19].

T
l 1_“[; Vidt‘

OoVI =
2 Ji Ivldt

(1)

3. Results

The complex stereoscopic PIV setup described in section 2.3 was successfully established. As
shown in Fig 4, flow measurements with and without tracer particles are feasible for the treated
IA model demonstrating the high spatial resolution of the underlying methodology.

In the following, the results of the experimental investigation of different (undesired) FD
treatments are presented. First, qualitative comparisons are provided to assess the occurring
flow structures and enable a visual evaluation of each time-point during the cardiac cycle. This
allows for a visual analysis of flow phenomena, which potentially leads to increased risk of rup-
ture or—ideally—to the promotion of a thrombosis. Afterwards, a quantitative analysis reveals
the real efficacy of the FD configurations as well as existing differences between the individual
in-vitro assessments.

Fig 4. Flow measurements with and without tracer particles. Illustration of the illuminated phantom model containing a representative endovascular
device (left); Addition of PIV fluorescent tracer particles revealing the vortical flow structure within the intracranial aneurysm (right).

https://doi.org/10.1371/journal.pone.0264688.9004
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Fig 5. Qualitative PIV measurement results. Comparison of all treatment configurations (FDC1-4) at ten time steps during the cardiac cycle. Notice the
clear differences of each FD efficacy compared to the pre-treatment scenario in the first row.

https:/doi.org/10.1371/journal.pone.0264688.9005

3.1 Qualitative comparison

As illustrated in Fig 5, highest velocities occur in the parent vessel due to its relatively small
diameter compared to the aneurysm. One can notice that the fluid enters the aneurysm at the
distal part of the ostium and the corresponding inflow jet impinges on the opposite section of
the aneurysm wall. Afterwards, the flow aligns clockwise near the aneurysmal lumen, until it
returns into the parent vessel in distal direction. This flow structure results in the formation of
a stagnation zone in the center of the aneurysm with velocity values close to zero. Due to the
pulsatile nature of the inflow signal, one can notice the effect of the inflow jet, especially in the
pre-treatment configuration during peak-systole. In addition to the static results presented in
Fig 5, time-dependent animations of the velocity distribution can be found in the supporting
material S1 File.

After deploying the FD device in the desired location (FDC1), the velocity values strongly
decrease throughout the complete cardiac cycle. Since increased values only remain in the
inflow jet region, the area of flow stagnation slightly shifts towards the distal part of the aneu-
rysm. As expected, the second treatment option (FDC2), provoking an insufficient wall appo-
sition opposite to the ostium, shows an almost identical flow-diverting effect. Here, the jet
enters slightly more proximal leading to less flow alignment on the aneurysm lumen and a
higher velocity close to the aneurysm center. The third configuration (FDC3) results in the
strongest flow reduction due to the increased area of the perfused device. However, due to the
positioning a considerable part of the malformation is covered and hence a successful long-
term treatment outcome is questionable. Furthermore, side-effects for the distal vascular
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Table 1. Quantification of the relative velocity reduction of each FD case referring to the untreated aneurysmal flow. For all configurations both peak-systolic as well

as cycle-averaged values are provided.

no FD
cyclic max 0.153
cyclic mean 0.119
cyclic mean 0.036

https://doi.org/10.1371/journal.pone.0264688.t001

Unmnean [M/s]
FDC1 FDC2 FDC3 FDC4
0.031 0.026 0.017 0.047
0.026 0.021 0.013 0.043

I-Izis'l'D / Umean [']
0.052 0.045 0.364 0.368

system are expected. Finally, the fourth treatment scenario (FDC4) representing an inappro-
priate estimation of the device landing zone which leads to both insufficient flow reduction
and areas with increased velocity magnitude remaining within the aneurysm. This is particu-
larly dangerous since the desired thrombosis may not set in and undesired flow-diverting
effects can be induced in the distal part of the healthy vessel.

3.2 Quantitative comparison

To confirm the qualitative observation above, both cycle-averaged and peak-systolic velocity
reductions are quantified in Table 1. It is noticeable that for each configuration the effect of
the FD placement is higher at the time of largest inflow compared to the mean values. To
account for flow occurring in the normal direction of the considered measurement plane, the
normalized out-of-plane fluctuation was introduced. Interestingly, the value increases only by
44% and 25% for the cases FDC1 and FDC2, respectively, compared to the untreated configu-
ration. However, for the treatment scenarios with poor wall apposition (FDC3 and FDC4) this
value rises even 10-fold underlining the different impact of flow diverter topology in these
cases on the resulting aneurysm flow compared to FDC1 and FDC2.

Additionally, Fig 6 illustrates the velocity reduction for the different treatment scenarios
(FDC1-4). Compared to the untreated aneurysm configuration, the flow was reduced ranging
from 63% (FDC4) up to 89% (FDC3). The ideal treatment (FDC1) reached a reduction of 78%,
which is known to be sufficient for a successful therapy.

Furthermore, velocity curves throughout one cardiac cycle were monitored at three repre-
sentative locations within the aneurysm. First, the high velocity values occurring in the inflow
jet can be drastically reduced by all flow-diverter configurations and range at an almost identi-
cal level (see Fig 6, probe 1). For the aneurysm dome, which represents the second probe loca-
tion, a similar behavior can be noticed with the exception of FDC4. Here, the velocity is nearly
the same compared to the pre-interventional state, however, the systolic velocity peaks are
damped. Finally, the third probe, located close to the proximal part of the ostium, reveals a
clear reduction of the post-treatment velocity with very low values except for FDC4. This is
caused by the inappropriate placement of the device resulting in a less effective flow reduction
(recall Fig 2).

To further assess the influence that is caused by different (potentially unsuccessful) FD
treatments, the disturbance of the flow fields was quantified. Here, the OVI represents the tem-
poral changes of the velocity vector over one cardiac cycle (see Fig 7). It can be noticed that the
region of increased OVI occurs in the center of the aneurysm for the successful treatment
(FDCI1). The slightly insufficient wall apposition (FDC2) leads to increased OVI values in the
flow jet impingement zone, which can represent an area of potentially higher rupture risk. For
the third configuration (FDC3) an even stronger increase of OVI is visible throughout the
whole aneurysm sac indicating the need to avoid such a treatment outcome. A potential reason
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Fig 6. Quantitative PIV measurement results. a) Location of processed flow area (red) and velocity probes (P1 —inflow jet; P2 —aneurysm dome; P3 —close
to the proximal area of the ostium); b) Quantification of the cycle-averaged and peak-systolic velocity reduction for each considered deployment scenario.
Temporal velocity profiles over the averaged cardiac cycle at three characteristic probe locations in the aneurysm.

https://doi.org/10.1371/journal.pone.0264688.9006

for the high oscillations in z-direction is a lateral flow around the FD. Finally, although the
flow reduction was not as effective as for the other cases, the oscillations within the aneurysm
treated with FDC4 are smaller compared to the previous cases. This might be due to the free
end of the FD damping the kinetic energy and leading to smoothed flow curves throughout
the cardiac cycle (recall Fig 6).

4. Discussion

Minimally-invasive treatment of IAs is increasingly used compared to traditional techniques
such as surgical clipping [20]. Endovascular FD placement, in particular, is the method of
choice for specific aneurysm configurations since the device is placed below the aneurysm
ostium avoiding the risk of perforating thin vessel walls (e.g., due to insufficient coiling). Fur-
thermore, the full diseased vessel section, which caused the formation of these permanent dila-
tions, is stabilized leading to the formation of a novel endothelial layer [21, 22].

OVI[]

Fig 7. Illustration of the oscillatory velocity index (OVI) to account for device-induced disturbance of the time-dependent flow fields. From left to
right: no FD, FDC1, FDC2, FDC3, FDC4.

https://doi.org/10.1371/journal.pone.0264688.g007
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Unfortunately, the treatment risk still remains higher compared to the natural rupture risk
of intracranial aneurysms [23, 24]. Procedural complications can result in intimal hyperplasia,
perforator infarction, intraparenchymal hemorrhage or even procedure-related morbidity and
mortality [25, 26]. In a systematic review and meta-analysis Cagnazzo et al. found that flow-
diversion treatment of ruptured intracranial aneurysms is associated with a complication rate
of 18% and even 27% for ruptured posterior circulation aneurysms [8].

Therefore, improvements regarding the treatment outcome are crucial, which requires a
better understanding of the underlying flow phenomena. In this regard, Anderson et al. used
phase-contrast MRI to measure flow reduction due to FD placement [27]. They found that the
flow velocity was significantly decreased, and intra-aneurysmal flow patterns were maintained.
Another pilot study comparing successful and unsuccessful treatments of aneurysms occurring
at the internal carotid artery demonstrated the need to obtain a flow reduction below a critical
absolute inflow value instead of simply a high relative reduction [28]. Recently, Chodzynski
et al. suggest that flow complexity should be considered when selecting a FD since increased
pulsatility altered the performance of the device [29].

To investigate the effect of various treatment scenarios with poor wall apposition, this study
created a well-defined observational environment. Specifically, a silicone phantom model of
an idealized IA was manufactured and treated with one optimal and three undesirable FD con-
figurations. Afterwards, precise time-dependent in-vitro measurements were carried out using
high-resolution stereoscopic PIV enabling the assessment of occurring flow structures as well
as the specific treatment efficacy. Although real IAs present with a highly patient-specific size
and shape, this artificial environment avoids the occurrence of individual hemodynamic
effects. Nevertheless, the presented framework can be applied to any arbitrary malformation
and treatment configuration in the future.

The results of this study reveal that the successful treatment scenario (FDC1) led to a strong
reduction of the spatially averaged intra-saccular velocity at peak systole and for the averaged
cardiac cycle. Furthermore, the flow structure involving a smooth alignment of the stable vor-
tex near the wall was maintained, which ensures no undesired side-wall effects. A slight migra-
tion of the flow diverter through the aneurysm ostium (FDC2) resulted in a minor increase of
the velocity reduction. However, the incomplete wall apposition on the opposite side of the
parent vessel impedes the formation of a novel endothelial layer, which is known to potentially
cause long-term complications [30, 31]. The third treatment scenario (FDC3) nominally led to
the strongest reduction of the blood flow due to the doubled diverting effect. Hence, it theoret-
ically appears to be the best therapy outcome, however, even if the reduction is beneficial for
the initiation of a thrombus, the risk of a complete occlusion of the vessel remains (due to
endothelialization and in-stent thrombosis) [32]. Finally, the fourth configuration (FDC4),
which could occur in practice due to an inaccurate choice of the stent release, shows a lower
velocity reduction effect compared to the other scenarios. Furthermore, additional long-term
complications can appear, if an unjustified under- or oversizing for the stent was selected [33].
Therefore, it is of highest importance to appropriately choose a FD that fits the corresponding
parent vessel size and shape as well as takes into account potentially-covered side branches in
the vicinity of the aneurysm.

Apart from the treatment comparisons, an enormous amount of high-resolution measure-
ment data was acquired within this study, which can serve as a reference for future validations,
e.g., as benchmarks for in-house developed fluid flow solvers and can be arbitrarily extended
depending on the particular interest [34, 35]. The corresponding time-dependent datasets for
all considered configurations were made publicly available in the supporting material S1 Data-
set. Additional to these in-vitro PIV measurements, in-silico investigations based on computa-
tional fluid dynamics (CFD) are feasible to enable an easier variation for parameters of interest
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(e.g., vessel sizes, aneurysm shapes, FD designs). Initial hemodynamic simulations were car-
ried out to obtain a more detailed insight especially in the vicinity of small stent struts. Here,
an advanced explicit fast virtual stenting approach was applied allowing for the consideration
of arbitrary treatment scenarios [36, 37]. In the supporting material S2 File, a video of these
simulations is provided.

In the near future, it can be expected that the treatment of IAs becomes more and more
individualized. This includes the development of a variety of FD variants specialized for differ-
ent locations and types of aneurysms [38]. The framework presented within this study pro-
vides a valuable opportunity to assess the corresponding FD efficacy as well as the effect of
different degrees of FD stent malposition on intra-aneurysmal hemodynamic changes. Addi-
tionally, advanced measurement techniques such as x-ray PIV can be applied to gain further
insight into the underlying flow phenomena [39].

Limitations

This study has several limitations which need to be mentioned. First, only one IA as well as
one FD stent was used. Hence, the results cannot be generalized for all types of aneurysms or
treatment options (e.g., coils or WEB-devices), but the rational was to create a controlled envi-
ronment, and the experiments for the chosen configurations were already highly time-con-
suming and expensive. Furthermore, the configurations FDC3 and FDC4 might not occur in
clinical practice, but this study demonstrates the feasibility of assessing arbitrary (undesired)
treatment configurations. Although a reproduction of the stent deployment scenarios might
be difficult, the measured data are openly accessible and can be used for further comparisons.

Second, to enable an evaluation of the real device efficacy, in-vivo measurements, e.g., using
phase-contrast MRI could be used [40, 41]. This would overcome the limitation that interfer-
ing structures such as bones cannot be assessed with optical PIV. However, due to the limited
spatial and temporal MR-resolution as well as imaging artifacts due to movements and device
distortions, a precise quantification is not feasible. Therefore, the in-vitro approach used in
this study represents the state-of-the-art. Nevertheless, the effect of the pump pulse shape as
well as potential wall compliance of the aneurysm model should be carefully considered in this
regard [42].

Third, the treatment scenarios created here are hardly reproducible in reality since each
aneurysm completely differs in size and shape and the adjacent parent vessel can present with
strong curvature changes. However, the motivation of this study was to initially quantify the
effect of undesired treatment outcomes on the underlying hemodynamics and provide high-
quality measurement data for future investigations, which should include complex vessel anat-
omies containing torsional shapes and varying proximal and distal angles.

5. Conclusions

This study evaluates the effect of various FD treatment scenarios (possessing variants of good
and poor wall apposition) for IAs using stereoscopic PIV. Through this, high-resolution mea-
surement data were acquired, which were made freely available and can be used for external
comparisons and validation purposes. The results of this study suggest that incorrect stent
deployment can lead to sufficient intra-aneurysmal flow reduction, but potential complica-
tions due to a disturbed flow behavior must be evaluated in the future using a realistic neuro-
vasculature. Furthermore, the presented framework consisting of phantom manufacturing, FD
deployment and precise flow acquisition enables the quantification of arbitrary treatment out-
comes and can be applied to complex aneurysm shapes and novel devices in the future. Hence,
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undesired flow-related effects are assessable supporting neurointerventionalists during therapy
planning as well as education.
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