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WHAT THIS PAPER ADDS

This paper investigates the haemodynamics in three different flow lumen configurations of a custom, non-
contained, non-cross linked polymer based endovascular approach in treating abdominal aortic aneurysms.
The most favourable configuration was established by identifying flow velocity, vorticity, wall shear stress, and
time averaged wall shear stress in an in vitro set up with laser particle imaging velocimetry. Based on the results,
future research should focus on clinical applicability.
Objective: Customised aortic repair (CAR) is a new and minimally invasive technique for the endovascular
treatment of abdominal aortic aneurysms (AAAs). The aneurysm is completely sealed with a non-contained,
non-cross linked polymer, while a new flow lumen is created with balloons. For CAR, the haemodynamically
most favourable balloon and flow lumen configuration has not been established before; therefore, four flow
parameters were assessed in an in vitro model.
Methods: Three in vitro balloon configurations were implanted in an in vitro AAA model; a configuration with
crossing balloons (CC) and two parallel configurations (PC1 and PC2). These three models were consecutively
placed in a flow system that mimics physiological flow conditions. Laser particle imaging velocimetry (PIV)
was used to resolve spatial and temporal flow patterns during the cardiac cycle. In house built algorithms
were used to analyse the PIV data for the computing of (i) flow velocity; (ii) vorticity; (iii) wall shear stress
(WSS); and (iv) time averaged wall shear stress (TAWSS).
Results: Suprarenal flow patterns were similar in all models. The CC showed a higher infrarenal velocity than PC1
and PC2 (38 cm/s vs. 23 cm/s vs. 23 cm/s), and a higher vorticity at the crossing of the lumens (CC: 337/s; PC1 127/s;
PC2: 112/s). The lowest vorticity was observed in PC2, especially in the infrarenal neck (CC: 200/s; PC1 164/s; PC2:
98/s). Although WSS and TAWSS varied between configurations, values were in the within non-pathological range.
Conclusion: The flow lumens created by three balloon configurations used in an in vitro model of CAR have been
studied, and resulted in different haemodynamics. The differences in velocity and lower vorticity, especially at the
crossing section of the two balloons, showed that PC2 has favourable haemodynamics compared with the CC and
PC1. Future research will be focused on the clinical applicability of CAR based on the PC2 design.
Keywords: AAA, Polymer, Haemodynamics, In vitro, Laser particle imaging velocimetry
Article history: Received 21 June 2018, Accepted 20 November 2018, Available online 15 April 2019
� 2018 European Society for Vascular Surgery. Published by Elsevier B.V. All rights reserved.
INTRODUCTION

Since the introduction of the endovascular aortic repair
(EVAR) procedure in 1991 by Parodi et al.,1 a large variety of
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endoprostheses have been introduced.2,3 EVAR devices
underwent evolution rather than revolution, while still
improving clinical outcome.4 Tadros et al. showed that re-
intervention rates after EVAR declined from 33% in the
first five years after implantation of EVAR, to 10% after
2008.5 Despite this success rate, the 15 year re-intervention
rate after EVAR, with the use of first generation devices,
was 26%, according to the EVAR-1 investigators, vs. 12% in
the open repair group.6 Meta-analysis of the EVAR-1,
DREAM, OVER, and ACE trials by Powell et al. showed
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that type II endoleak is the most common complication
after EVAR;7 however, only 22.8% of these patients received
re-intervention. The second most common complication is
type I endoleak, for which 65.8% of patients receive re-
intervention. EVAR eligibility is based on instructions for
use; small iliac vessel diameter (<7 mm) is often associated
with Asian ethnicity or encountered in women.8e10

A new minimally invasive approach in the treatment of
AAA, customised aortic repair (CAR), developed by Tri-
pleMed (Maastricht, The Netherlands) was recently intro-
duced, as previously described by Bosman et al. and
Doorschodt et al.11e13 Two endovascular balloons are used
to create flow lumens in the aneurysm sac. The aneurysm is
then excluded from the blood flow by a complete seal with
a non-contained, non-cross linked liquid polymer, with a
curing time of about 5 min. After polymer curing, the bal-
loons must be deflated and removed, leaving an aortic flow
lumen in the polymer. There are similarities between CAR
and the EndoVascular Aortic Sealing (EVAS), using the Nellix
Endosystem (Endologix, Irvine, CA, USA); however, the
absence of endobags and stent frames may simplify CAR.

The percutaneous CAR technique was tested by in vivo
porcine experiments, by creating an aneurysm of a poly-
ester tube graft, with promising results.11 The low profile (6
Fr) endovascular balloons used for CAR may be a solution
for patients with short necks, high angulation, and small
iliac vessel diameters. The polymer mould may prevent type
II endoleak.

However, the haemodynamically most favourable
balloon configuration has not yet been established. As local
haemodynamic factors are associated with clinical
outcome,14e17 velocity, vorticity, wall shear stress (WSS),
and time averaged wall shear stress (TAWSS) were assessed
using laser particle imaging velocimetry (PIV) for three
different in vitro flow lumen configurations. Velocity was
assessed because the fluidesolid interaction relates to
displacement forces acting on the aortic wall or new lumen
wall. Vorticity was assessed because alterations in local
haemodynamics affect secondary flow patterns and WSS,
which are associated with the origin of atherosclerosis and
thrombosis. Low (time averaged) WSS is associated with
the deposition of lipids, leading to the development of
atherosclerotic lesions, while a high (time averaged) WSS is
believed to be responsible for endothelial damage. Velocity
and vorticity can be assessed in vitro, for comparison with
clinical results. Owing to the fact that WSS is still a chal-
lenging parameter to obtain in vivo with current ultra-
sound, computed tomography, and magnetic resonance
techniques it remains a non-clinical parameter for now.

METHODS

Flow models

Three custom made transparent polydimethylsiloxane
(PDMS; Sylgard 184 [Dow Corning, Auburn, MI, USA]) flow
models, based on the inverse negative mould of a three
dimensional printed abdominal aortic aneurysm (AAA)
model, previously described by Boersen et al.,17 were used
as in vitro models. The infrarenal neck diameter was 24 mm,
infrarenal neck length 15 mm, and AAA diameter 55 mm.

Balloon designs

The first configuration, cross configuration (CC), is a com-
bination of a full dog bone balloon (FDB; 200 � 10 mm)
with a prefabricated thin skirt halfway and a half dog bone
balloon (HDB; 120 � 10 mm [See Fig. 1A and 2A)]. The
second configuration (PC1) consists of a FDB (200 � 10 mm)
with a proximal skirt and a HDB (160 � 10 mm), as shown
Fig. 1B. The third configuration (PC2) consists of a FDB
(200 � 10 mm) with an elongated skirt and a HDB
(160 � 10 mm; Fig. 1C).

Procedure

First, two guidewires (Terumo Europe, Leuven, Belgium)
were placed in the suprarenal aortic lumen through both
iliac arteries. The FDB was positioned in the aorta over the
guidewire, at the origin of the lowest renal artery. The po-
sition was visually analysed, to prevent renal occlusion
during filling of the aneurysm with polymer. For PC1 and
PC2 the HDB was positioned directly below the bulb of the
FDB. The distal part of the balloons ended in the common
iliac artery. PDMS was chosen as a filling polymer as optical
distortion had to be minimised for the laser PIV experi-
ments. All balloons were pressurised up to one atmosphere
while filling the aneurysm with PDMS. The models were
placed in a depressurised oven for 12 h, at 60 �C to remove
any remaining air bubbles and to cure the polymer.

After curing of the PDMS, the balloons were retracted
from the newly created flow lumen. The models were
installed in a flow set up, as previously described by Groot
Jebbink,18 consisting of a two element Windkessel set up
with a pulsatile flow (60 beats/min, 90e120 mmHg, mean
suprarenal inflow 1.6 L/min; range: 0.0e5.0 L/min). The four
outflow vessels, two iliac and two renal arteries, all
accounted for a quarter of the total outflow. The volumetric
flow waveform was based on a study by Olufsen et al. and
was also used for previous flow experiments.17,19,20

Reproducibility of the measurements was analysed by
comparison of the flow rate and flow velocity in the su-
prarenal aorta between models. The average and SD of WSS
in the suprarenal region were assessed to obtain variability
of the measurements.

A blood mimicking fluid (BMF) based on water, glycerol,
and sodium iodide (47.4%, 36.9%, and 15.7%, respectively)
with a dynamic viscosity of 4.3 mPas and a refractive index
of 1.4, equal to PDMS, was used during flow experiments.
Fluorescent particles (Rhodamine, size 1e20 mm, density
1190 kg/m3 [Dantec Dynamics A/S, Skovlunde, Denmark])
were added to the BMF for the PIV measurements. A
continuous wave laser (5 W DPSS laser, 532 nm [Cohlibri,
Lightline, Germany]) was used to create a laser sheet that
illuminated a narrow band of fluid. Perpendicular to the
laser sheet, a high speed camera (FASTCAM SA-X2 [Photron,
West Wycombe, UK]; 1000e3000 frames/s) captured the
fluorescence signal emitted by the particles. An optical filter
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Figure 1. Schematic overview of the different balloon configurations to investigate haemodynamics in different
lumen configurations. (A) Cross configuration (CC). The full dog bone (FDB) balloon (red) and half dog bone
(HDB) balloon (blue) cross in the mid-segment of the aneurysm. A short skirt (black) holds the balloons together.
(B) Parallel configuration 1 (PC1). The FDB (red) and HDB (blue) balloons are placed parallel to create a double
10 mm lumen. A short skirt directly below the bulb of the FDB (grey) is used to enable kissing balloons. (C)
Parallel configuration 2 (PC2). The FDB (red) and HDB (blue) balloons are placed parallel to create a double
10 mm lumen. A longer skirt starting directly below the bulb of the FDB (black) to the mid lumen is used to enable
kissing balloons over a long trajectory. The six regions of interest are numbered 1e6 and highlighted in red.
Region 1 is the juxtarenal segment, region 2 the infrarenal segment, region 3 the cross section, region 4 the aortic
bifurcation, and regions 5 and 6 are the left and right iliac segments, respectively. The segments used for wall
shear stress and time averaged wall shear stress calculations are highlighted in the infrarenal neck (green) and
medial wall of the left iliac (yellow).

Haemodynamics in Different Lumen Configurations for AAA Repair 711
was mounted to block reflections of the laser other than
those of the particles. A window of approximately
30 � 30 mm was imaged onto the camera with a resolution
of 1024 � 1024 pixels.
PIV analysis

The raw PIV data were first processed using background
subtraction, adaptive thresholding, and masking to remove
artifacts (Matlab 2016A; MathWorks, Natick, MA, USA). Edge
detection was followed by fitting the contour of the lumen.
Analysis was based on a cross correlation algorithm.16,17

The post-PIV data were averaged over 10 cardiac cycles
to increase the signal to noise ratio and to calculate the
average velocity vectors for a single cardiac cycle. The
remaining end points, vorticity, WSS, and TAWSS were
derived from the velocity data.

WSS was computed with an algorithm programmed in
Matlab. The velocity magnitude at the wall was set at a no
slip boundary condition, i.e. 0. Vorticity (u) was defined as
the curl of the flow velocity, u is the velocity vector (V� u).
Normal values in the aortic arch and aneurysm sac range
from �300/second up to 300/second during the cardiac
cycle.21e24

The WSS (Pa) is expressed as the dynamic viscosity times

the shear rate (s�1), (sw ¼ m�
�

vu
vy

�
y¼0

) where m is the

dynamic viscosity, u the flow velocity parallel to the wall,
and y the distance to the wall. After validation, flow and
vorticity were displayed in Tecplot (Bellevue, WA, USA).
The resulting cross sections were merged to create an
overview of the flow in the whole configuration. The cross
sections were not necessarily recorded at the same height,
owing to the complex geometry of the configuration. The
TAWSS was defined as the WSS averaged over one heart

cycle, (1T

Z T

0
jswjdt) where T is the time in seconds and

swthe WSS. The segment directly below the left renal ar-
tery and the medial left iliac wall were used for the WSS
and TAWSS calculations (Fig. 1). Minimum and maximum
values ofWSS and TAWSSwere determined over the complete



Figure 2. A reconstruction of the cone beam computed tomography data of the three configurations to investigate
haemodynamics in different lumen configurations. (A) Cross configuration. (B) Parallel configuration 1.
(C) Parallel configuration 2. The flow volume of the polymer mould, filled with air, clearly shows the differences
in geometry between configurations.
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segment and, again, not necessarily measured at the same
location. Determination of WSS and TAWSS at the newly
created polymer walls inside the flow lumen was not useful.
Therefore, this studywasmainly focused onflowvelocities and
vorticity for the regions within the new lumen.
RESULTS

Flow patterns

The velocity field maps are displayed per configuration in
Figs 3 and 4. The vorticity fields are shown in Fig. 5, illus-
trating the complex flows in the infrarenal neck. Velocity,
vorticity, WSS, and TAWSS per region per model are sum-
marised in Fig. 6 (A e D). The velocity and vorticity fields of
the three configurations over time are available in Video S1
(see Supplementary Material).

Supplementary videos related to this article can be found
at doi:10.1016/j.ejvs.2018.11.012

The following is the supplementary data related to this
article:Video 1Flow velocity during the cardiac cycle for the
three configurations (CC, PC1, PC2).

Suprarenal flow was comparable for all models with an
average flow rate of 1.62 � 0.04 L/min (Fig. 3A). The
mean� SD of the flow velocities over 10 cardiac cycles in the
lumenof the suprarenal aorta of theCC are displayed in Fig. 3B.
The average and mean suprarenal WSS over 10 cardiac cycles
was 0.043 Pa � 0.0017 Pa, or 4.0% of the average WSS.
The diameters and surface of the suprarenal lumens were
identical, 24.0 mm and 452.1 mm2, respectively.

Assessment of the haemodynamics in the CC and PC1
models resulted in a new design of the balloon configura-
tions, namely PC2. Although a decrease in vorticity in PC1
vs. the CC was observed, alterations to the skirt of the full
dog bone balloon were thought to further improve the
haemodynamics in the infrarenal neck. The new skirt was
designed to assure that the HDB was positioned more
proximally to increase the flow lumen surface and to create
a smoother wall in the infrarenal neck compared with PC1
(Fig. 2B and C). In addition, the new skirt was designed to
achieve a smoother transition from the two balloons in the
infrarenal neck to the neo-bifurcation, and avoid a dead
space between the balloons that remains after the curing of
the polymer (Fig. 2B).

Cross configuration

The inflow trajectory of the CC (region of interest [ROI] 2),
where the lumen narrows from 24 mm to 10.5 mm, showed
high flow velocities both during peak and end systole
(38 cm/s vs. �12 cm/s; see Fig. 6). Although the velocities
were high, no vortices were observed. The two lumens of
the balloons crossed in the aneurysmal sac (ROI 3), resulting
in an increase of the mean surface from 91.2 mm2 to
185.3 mm2 (Fig. 4A). Flow velocities decreased to 23 cm/s in
peak systole, leading to vortices and disturbed flow due to
the sudden diameter increase. Vortices were directed into

https://doi.org/10.1016/j.ejvs.2018.11.012
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Figure 3. (A) Inflow profile of the cross configuration (line), par-
allel configuration 1 (dashed line) and parallel configuration 2
(dotted line) during peak systole. The flow profiles showed high
similarities between the configurations. Profiles are obtained in
region of interest 1, as depicted in Figure 1. (B) Flow velocity vs.
time in the centre of the suprarenal aorta. The average velocity of
10 cardiac cycles is displayed, and measurement variability is
plotted including 1 SD (shaded error).
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the dead space, which protrudes from the HDB lumen
(Fig. 5). Vorticity was high in the protruding lumen, ranging
from �267/second to 337/second.

The WSS in the infrarenal neck was �0.29 Pa to 0.63 Pa,
whereas TAWSS was almost zero (�0.05 Pa). The wall of the
flow lumen was found to be somewhat irregular, owing to
remnants of polymer between the balloons during curing.
Distal to the crossing, high velocities were observed, up to
38 cm/s, whereas the contralateral lumen showed lower
velocities, up to 18 cm/s during peak systole. However, the
left and right outflows (ROI 5 and 6) showed only minor
differences in flow velocities (peak systole: 12 cm/s; end
systole: �4 cm/s) (see Video S1). WSS at the medial wall of
the left iliac was�0.57 Pa to 0.82 Pa; the TAWSS was 0.31 Pa.

Supplementary Video 2 related to this article can be
found at doi:10.1016/j.ejvs.2018.11.012.
The following is the supplementary data related to this
article:Video 2Vorticity during the cardiac cycle for the three
configurations (CC, PC1, PC2).

Parallel configurations: PC1

Flow velocities in the juxtarenal region (ROI 1) were 17 cm/s
during peak systole and �5 cm/s during end systole (Fig. 4,
Fig. S1 [see Supplementary Material]). Small vortices were
only seen directly below the renal arteries. The infrarenal
luminal surface narrowed from453.0mm2 to 177.1mm2, and
the velocities increased in both peak and end systole (23 cm/s
vs. �10 cm/s; ROI 2), which is a decrease of 39.5% in peak
velocity.Vortices were observed in the infrarenal neck (Fig. 5,
Video S2).WSS in the infrarenal neck ranged from�0.86 Pa to
0.52 Pa; the TAWSS was 0.22 Pa.The zone of alignment of the
two balloons, directly below the bulb of the FDB balloon,
resulted in a narrowed lumen. Vorticity ranged from �194/s
to 164/s, a difference of 6.5% and �18% vs. the CC.
Continuing in the two separate lumens, flowpatternswithout
vortices were seen during peak and end systole. Vorticity in
this region (ROI 3) ranged from �112/s to 127/s, a decrease
of 58.1% and 62.3% vs. the CC. During filling of the aneurysm
with polymer, the two balloons “kissed” in the mid-segment
of the aneurysm (ROI 3 and 4; Fig. 2). This resulted in a
connection of 7e8 mm between the two flow lumens, as can
be seen in Fig. 2B. During end systole, BMF flowed backwards
from the left lumen to the right lumen, the other way around
during peak systole (see Video S1).

The flow in the left iliac was up to 16 cm/s during peak
systole and �12 cm/s during end systole, 25% and 50%,
respectively, higher than for the other two configurations
(Fig. S1).

WSS ranged from �1.23 Pa to 1.06 Pa for the medial iliac
segment, an increase of 115.8% and 29.3%, respectively.
TAWSS was 0.48 Pa (Fig. 6D), an increase of 54.8%. The flow
was directed to the inner wall, owing to the bending of the
iliac wall during the peak systole. During end systole, the
highest flow was seen at the outer wall.

Parallel configurations: PC2

Maximum observed velocity in the infrarenal neck was
23 cm/s in peak systole, whereas it was �9 cm/s during end
systole, comparable to PC1 (Fig. 4C). Vorticity ranged
from �109/s to 98/s, a decrease of 43.8% and 40.2%,
respectively, compared with PC1. The luminal surface nar-
rowed in the infrarenal region from 451.5 mm2 to
214.2 mm2, an increase of 20.9% compared with PC1.
During the procedure, the balloons tilted slightly, resulting in
the lumens not being parallel in a sagittal view of the model.
In the mid-segment of the aneurysm (ROI 2), were the
lumen narrowed slightly, the velocities were higher, 24 cm/s
and �4 cm/s, respectively (Fig. 6A). The vorticity for this
segment (�118/s to 112/s) differed þ5.4% and �11.8%,
respectively, compared with the PC1 configuration. No
vortices were observed during the complete cardiac cycle,
whereas they were clearly present in the PC1 configuration.
The neo-bifurcation (ROI 4), where the lumen splits into the
left and right iliac artery, was more tapered than PC1.

http://10.1016/j.ejvs.2018.11.012
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WSS ranged from �0.88 Pa to 0.91 Pa, a decrease of
28.5% and 14.2%, respectively, compared with PC1.

The TAWSS at the inner wall of the left iliac artery was
0.38 Pa, a decrease of 20.8% compared with PC1 (Fig. 6D).
Outflow velocity was 12 cm/s during peak systole and�6 cm/
s during end systole, comparable with the CC (Fig. S1).

DISCUSSION

This study investigated the haemodynamics in CAR, a novel
concept for treating AAA. Haemodynamics, in particular
vorticity, seemed to be more favourable in the PC2 config-
uration. Comparing the configurations showed that the CC
0 0.5 1 1.5 2 2.5
Distance (cm)

0 0.5 1 1.5
Distance (cm

A B

Figure 5. Vorticity in the region were the balloons crosse
uration (PC) 1; and (C) PC2 during peak systole. Vortices a
and visualised in Video S2.
developed most vortices, mainly in the infrarenal (ROI 2) and
mid-aneurysm (ROI 3) segment, followed by PC1.
Balloon concepts

This study investigated the haemodynamics of three config-
urations, CC, PC1, and PC2. The advantage of the CC is the
“one size fits all” solution. Only the FDB has to be sized based
on the patient’s anatomy (length and diameter), the pro-
truding part of the HDB can vary in length. To avoid the nar-
rowing in the infrarenal neck (ROI 2) and the protruding “dead
space”, the concept of two parallel balloons aligned in the
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infrarenal neck was developed. Depending on the patients’
anatomy, various balloon lengths have to be on the shelf
while planning the procedure. By improving the conformation
of the balloons in the infrarenal neck in PC2, the minimum
surface area of the lumen increased from 89.3 mm2 (CC) to
177.1 mm2 (PC1) to 214.2 mm2 (PC2), thereby decreasing the
corresponding flow velocities and shear stresses. The HDB is
placed caudal to the FDB bulb, not parallel like chimney EVAR,
to assure perfect sealing in the aortic neck and prevent
leakage of polymer into the flow lumen.

The design of the skirt of the FDB in PC2, based on the
outcomes of PC1, resulted in a predictable figure of eight
shape of the two “kissing” lumens. As the balloons are
inflated to one atmosphere of pressure, the two balloons
become non-deformable, resulting in a predictable geom-
etry of the lumens. The HDB is slightly oversized compared
with the FDB skirt, assuring a fixed position of the balloons
when inflated. Full deployment of the balloons during the
procedure should be examined under fluoroscopy by using
a contrast saline solution for inflation.
Haemodynamics

The early stages of atherosclerosis and plaque formation
are thought to be associated with regions of low WSS
(10�2 Pa), as a result of alternated flow patterns.21,25,26 In
the present study all measured parameters were above this
threshold value. However, the interpretation of the used
metrics, such as WSS and TAWSS, is often inconclusive and
less robust than commonly assumed.15 Therefore, the four
end points were mainly used for a direct comparison be-
tween the different configurations.

Earlier studies pointed out that flow in the abdominal
aorta is non-laminar, and include vortices and recirculation
zones, especially in AAA.21,24,27 Disturbed flow can result in
increasing stresses acting on the aneurysm wall and may be
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responsible for further aortic dilatation.28 Therefore,
excluding the aneurysm sac from the arterial circulation, for
example during EVAR, should minimise complex flows at
the inflow and outflow segments of the stent at healthy
aortic wall.

Vorticity was used as a quantity to assess haemodynamic
differences between configurations. Several authors have
studied haemodynamics focusing on vorticity in the aortic
arch or in the aneurysm sac and found values ranging
from �300/s to 300/s during the cardiac cycle to be
typical.21e24 In particular, regions with irregular walls, such
as the crossing section and the “dead” space, are prone to
develop regions of both high and low shear stress and
vortices. Interestingly, vortices developed in the crossing
area of PC1, repeated caudally and dissipated mid lumen
(ROI 3; Video S1). Combination of high shear rates (>5000/
s) and vortices activates platelets and may result in
thrombogenic and inflammatory responses in regions with a
high residence time. Although shear rates above the path-
ological threshold of >5000/s were not measured in this
study, vorticities close to or above threshold (�300/s to
300/s) were observed in the CC. These observations high-
lighted the importance of designing smooth proximal neck
geometry in CAR.

The lumen of the CC narrowed from 24 mm to 10 mm in
diameter, resulting in flow velocities up to 38 cm/s. At the
crossing section of the two lumens, a sudden expansion of
the flow lumen (2 � 10 mm) resulted in the generation of
vortices. These currents were directed into the protruding
part of the lumen, a blind cavity. The BMF used in this study
has no thrombotic characteristics; therefore, the flow
remained in this cavity. Based on the observed low flow
velocities, blood clots may form in an in vivo situation,
thereby filling the cavity, and from which (micro) thrombi
may enter the bloodstream and cause a peripheral
thromboembolism.29,30
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A direct comparison of the outflow through the left
common iliac artery (ROI 6) lumen was also of interest, as
altered flow patterns may result in changed WSS of the
healthy peripheral vessel wall. The velocity and vorticity,
and resulting WSS and TAWSS, were higher in PC1. The flow
was predominantly directed towards the left iliac artery as
a result of the geometry of the lumens in the infrarenal
neck.

Limitations

PDMS was used for the experiments instead of the CAR
manufacturer’s polymer as optical access was needed for
the laser PIV measurements. However, the differences in
the mechanical properties between the two polymers are
small and not expected to change the observed flow pro-
files.11,31 The PDMS walls of the models were considered to
be rigid. Although this affects the results in the regions
without polymer, it was assumed that the influence on flow
characteristics was limited as the vasculature of this patient
population is stiffened by atherosclerotic disease.32,33

Interpretation of the observed flow patterns, especially
cross sections displaying vortices, is challenging. A direct
comparison was sometimes difficult, as each geometry of
the models is unique. In addition, complex three dimen-
sional haemodynamic flows are assessed in a two dimen-
sional configuration, with in and out of plane motion, and
which complicated analysis of the flow patterns.

The tortuous geometry made wall detection challenging,
which may have affected the accuracy of WSS calculations.
A total flow rate of 1.6 L/min was used in all models,
although being physiological, this was at the lower bound-
ary of what is seen in patients.

There are similarities between CAR and the Nellix endo-
system, especially the complete filling of the aneurysm sac
using a polymer, creating an increased mass of the system
compared with EVAR. Owing to the increased mass the
resonance frequency of system is lowered to within the
frequency range of vibrations induced during daily activ-
ities.34 For the Nellix endosystem this mechanism may
promote lateral displacement or bending of the stents if
insufficient polymer surrounds them, potentially resulting in
caudal migration of the endosystem.35 Although the
described failure mechanism may be applicable to CAR,
important distinctions have to be made. First, CAR does not
incorporate stent frames and endobags, as with the Nellix
endosystem; it is a one piece polymer only solution. Second,
CAR fixation differs from that of the Nellix endosystem. The
low viscosity polymer moulds to the morphology of the
aneurysm sac instead of using pressurised smooth endo-
bags, which are mainly fixed on the aortic bifurcation.

Flow recirculation in the Nellix endosystem has been
suggested as a potential risk of distal embolisation by
Boersen et al.,36 due to the “drooling shoulders” of the
endobags. The tapered design of the FDB in CAR enhances a
smooth inflow of blood into the newly created lumen,
preventing recirculation zones. However, loss of proximal
and distal seal between polymer and aortic wall, because of
the thinning layer of polymer towards the edges, remains a
potential risk and may cause type Ia/b endoleak. This may
be a result of caudal migration of the polymer and/or
dilation of the aortic neck as a result of disease progression.
Deployment of a self expanding stent covering the tapered
edges of the cast, as described by Doorschodt et al.,13 may
prevent non-apposition between polymer and aortic wall.

Future research will be focused on the identification of
the instructions for use and the clinical introduction of CAR,
focused on two indications: first, the standalone (percuta-
neous) use of CAR in the treatment of AAA; and, second,
the use of CAR in the treatment of persistent type II
endoleak, by filling the aneurysm sac surrounding the pri-
mary endograft. The potential failure mechanisms, high-
lighted by Argani et al.,34 will be incorporated in this
research plan.

CONCLUSIONS

The flow lumens created by three balloon configurations
used in an in vitro model of CAR have been studied, and
resulted in different haemodynamics. The differences in
velocities and lower vorticity, especially at the crossing
section of the two balloons, showed that PC2 has favour-
able haemodynamics compared with the CC and PC1.
Future research will be focused on the clinical applicability
of CAR based on the design of PC2.
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