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Summary

Background The technical success of fenestrated en-
dovascular aortic repair (FEVAR) relies on the exact
fit of the custom-made endograft in the patient. Nu-
merical simulation software has been made available
(PLANOP™, PrediSurge) to digitally test the intended
endograft design.

Methods The distance between opposite peaks of
the proximal endograft sealing ring were measured
on computed tomography (CT) scans of the test im-
plantation within a 3D printed model, on numerical
simulation software, and on postoperative CT (refer-
ence). Two types of modeling were used for the aorta
in the numerical simulation software: rigid and de-
formable. This resulted in four measurements: (1) CT
scan of the physical endograft prototype implanted
in a rigid printed silicone model of the aorta, (2) rigid
numerical or finite element (FE) simulation of the
endograft implanted in a rigid aortic model, (3) nu-
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merical or FE simulation with a deformable virtual
aortic model, and (4) patient postoperative CT.
Results Ten patients were included in the study. The
mean distance between peaks was 26.8mm in the
postoperative CT scan (reference). The distance in the
rigid printed model was 23.8+2.0mm p<0.003). The
FE analysis with rigid aorta measured 23.8+1.5mm
(p<0.006). Measurements performed on CT of the
physical prototype test implanted in the printed sili-
cone model of the aorta, and measurements from FE
analysis with rigid modeling, were not significantly
different. Measurements in a simulated deformable
aorta were 27.4+2.1mm (p <0.521). A high correla-
tion (r=0.81, p<0.01) was found between measure-
ments on postoperative CT and deformable aorta FE
analysis.

Conclusion Numerical simulation with a rigid aorta
may be a suitable substitute for traditional test im-
plantation of a non-sterile prototype within a 3D
aortic model. This may help reduce time for graft
planning and fabrication. The FE analysis with a de-
formable aorta was able to predict peak-to-peak dis-
tances at the proximal sealing ring more reliably. The
effect on clinical outcomes and endoleak occurrence
remains to be elucidated in future trials.

Keywords Fenestrated endovascular aortic repair -
FEVAR - Numerical simulation - Finite element
analysis - Custom-made device

Introduction

Custom-made endografts are an asset when treat-
ing aortic aneurysms that cannot be excluded using
off-the-shelf devices. Fenestrated endovascular aor-
tic repair (FEVAR) as a custom-made device is rou-
tinely used for the treatment of juxta- or pararenal
aneurysms and to treat type Ia endoleaks [1, 2]. In
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Fig. 1 Each pairing of a prototype and printed three-dimen-
sional aortic model (a) was assessed for adequate alignment
of the device and then mapped using a computed tomography
angiography scan (b)

combination with a thoracic endograft, these devices
have also been successfully used to treat thoracoab-
dominal aneurysms [3]. High success rates for various
indications and applications have been reported in
single- and multicenter trials [4-6].

Optimal technical results rely on a precise fit of the
graft to the applicable aortic configuration. For the
Terumo Aortic fenestrated Anaconda™ (Terumo Aor-
tic, Inchinnan, Scotland, UK) device, a routine prac-
tice is to test-implant a non-sterile prototype of the
device in a three-dimensional (3D) printed hard plas-
tic model of a patient’s aorta. Thus, a suitable fit in
the patient can be ensured. A single-center study de-
scribed the value of this test implantation during the
device planning and fabrication phase [7].

This procedure, however, can be time-consuming
and by no means can be regarded a guarantee for
a perfect fit. More recently, a method has been de-
scribed to use numerical simulation of the prototype
and simulation of the patient aorta based on preoper-
ative computed tomography angiography (CTA) imag-
ing [8]. It was concluded that while being faster, nu-
merical simulation using finite-element (FE) analysis
was equivalent to the traditional way of test-implant-
ing a prototype in a printed aortic model regarding
precise positioning of fenestrations.

In the current study we applied the previously de-
scribed FE analysis to a simulation of a deformable
patient aorta and compared its ability to predict the
proximal sealing ring configuration of the endograft
in the patient. We therefore compared numerical sim-
ulation with postoperative CTA using the distance of
proximal sealing ring peaks as a surrogate for the prox-

imal graft configuration. Measurements using simu-
lation with rigid aorta modeling and CT of the corre-
sponding rigid printed 3D prototypes as well as aortic
models are also included in the analysis. The study
thus aimed to identify the possible merit of assessing
endograft fit within a deformable numerical simula-
tion. The configuration of the proximal sealing ring as
a relevant determinant of reliable exclusion of aortic
pathology, and a possible factor to impact longevity of
aortic repair, was therefore investigated as a surrogate
of suitable fit of the custom-made device.

Materials and methods
Ethics statement

The present study was conducted in accordance with
the Declaration of Helsinki and following review board
approval of the investigation by the responsible ethics
committee. Approval of the retrospective investiga-
tion included a waiver of informed consent.

Patients and pre- and postoperative computed
tomography angiography imaging data

Imaging data from consecutive patients who un-
derwent FEVAR at our Department of Vascular and
Endovascular Surgery between 2019 and 2021 were
accessed and reviewed. All endografts had been
planned and produced based on 1-mm slice thick-
ness CTA, and all patients had undergone postopera-
tive CTA during their hospital stay. Preoperative CTA
was used for FE analysis and a standard procedure
had been used for 3D aortic model production be-
fore FEVAR surgery had been performed. All patients
underwent routine postoperative CTA after FEVAR.
Measurements from postoperative CTA were used as
the reference. Measurements from prototype testing
in the silicone model and measurements from the
numerical simulations could thus be compared with
the reference value from postoperative patient CTA.

Data from traditional test-implantation of non-sterile
prototype in a printed 3D aortic silicone model

The 3D aortic silicone models used for endograft
prototype testing with the included patients were
retrieved and assessed visually. Prototype fit was ad-
justed in the model until all fenestrations matched up
with vessel origins. A CT scan was then obtained for
each individual prototype and aortic model pairing to
allow for measurements using the same software as
for postoperative CTA (Figs. 1 and 2).

Data from numerical simulations with rigid and
deformable components

The numerical simulations were performed using
FE analyses (PLANOP™, PrediSurge, Saint-Etienne,
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Prototype CT Rigid simulation

Fig. 2 Comparable measurements of the surrogate variable
of distance between proximal sealing ring peaks as performed
using a computed tomography scan of the prototype in the

Fig. 3  Spider chart il-
lustrating, for each of the
ten clinical cases included,
agreement and differences
between measurements.
Delta and scale refer to
the distance measured in
millimeters and outer num-
bering designates the ten
patients included. CT com-
puted tomography, Pro- —4 B Protot. CT
tot. prototype and rigid
printed aortic model pairing,
Sim. simulation, Def. de-
formable

A A Postop CT

— A C Sim. Rigid

—A D Sim. Def.

France) and according to the procedure outlined in
a previous study in which simulations were performed
for the same fenestrated device [8]. For the present
study, numerical simulation was performed twice.
First using a rigid aorta (which was expected to mimic
the printed silicone model in a virtual fashion), and
then also using a virtual simulation of a deformable
aorta (which is hypothesized to better simulate how
a real aorta would interact with the graft in patients).
These distinctive properties of the two versions of

Deformable Simulation

Postoperative CT

e

rigid silicone model (a), the rigid and deformable simulations
(b, ¢), and the patient’s postoperative computed tomography
angiography (d)

simulations performed are further outlined in the
next paragraph.

Simulation of a rigid aortic component was per-
formed to act as a comparison for the 3D printed
model, as well as to be compared with postopera-
tive CTA measurements from patients. Simulation
with a deformable aorta as an arguably more ad-
vanced technique was performed to better represent
the graft-aorta interaction. Rigidity and elasticity as
specified by both of the involved components, i.e.,
the graft and the aorta, were considered for this FE
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Table 1 Summary of mean peak-to-peak measurements from sources

Peak-to-peak distance Mean  SD
A. Postoperative computed tomography angiography 26.8 2.3
B. Computed tomography of tested prototype in 3D aortic model 23.8 2.0
C. Rigid aorta numerical simulation 23.8 1.5
D. Deformable component aorta simulation 27.4 2.1

p Comparison to postoperative computed tomography
Reference ~ Reference

0.006 Significant

0.003 Significant

0.521 Not significant

SD standard deviation; p values are given for independent comparison of means using ¢ test and postoperative computed tomography angiography as a reference

analysis. The properties not only of the nitinol and
fabric of the graft, but also of the vessel wall were
divided into finite elements and their interactions
were transformed into calculations by appropriate
equations that consider the applicable properties of
included materials and tissues.

Measurements from both numerical simulation
techniques (rigid or deformable aorta) were com-
pared with each other, with the rigid 3D printed
silicone model-prototype pairing, as well as with
measurements from postoperative patient CTA.

Measurement variable and technique

The distance between opposite peaks of the proximal
sealing ring was defined as a reproducible and easy-
to-measure target variable. It was intended to act
as a surrogate of proximal sealing ring configuration.
The measurement can be performed from multiple
angles in the viewing agent of FE analysis simulations.
On CT scans, measurement was performed leading-
edge to leading-edge (LELE) on 3/2 sagittal and coro-
nal plane reconstructions as well as on 1-mm axial
cuts of the applicable CT studies. For demonstration
purposes, 20-mm multiplanar reconstructions are in-
cluded as representative images.

Statistical analysis

Means and standard deviations are reported for con-
tinuous measurements. An independent samples ¢
test was performed to compare means between the
different measurement sources of postoperative pa-
tient CTA (reference), CT scan of the prototype in
a rigid 3D printed aortic model, and FE simulations
with a rigid or deformable aorta. A spider graph is pro-
vided to visualize agreement and differences between
the different sources for measurements. Linear regres-
sions through the origin were performed to compute
a proportionality coefficient between the tested mea-
surements and the reference measurement. A Pear-
son correlation test was performed between measure-
ments from the CT and FE analysis.

Results

Ten patients were included in the study. The mean
distances between peaks were 26.8+2.3mm in the
postoperative CT scan. The CT imaging of the proto-
type within the rigid printed model showed a mean

distance of 23.8+2.0mm, with a mean absolute dif-
ference of 3.0+ 1.2mm compared to the reference.
This difference was statistically significant (p<0.003).
The FE analysis with a rigid aorta resulted in a mean
of 23.8+1.5mm, with a mean absolute difference of
0.8+ 0.6 mm when compared with 3D printed model-
derived measurements. Pearson’s test showed a very
high correlation between these two measurements (r=
0.83, p<0.003). The mean distance between proximal
sealing ring peaks in a simulation of endograft deploy-
ment with a deformable aorta was 27.4+2.1mm. The
difference between distances from postoperative CT
and the simulation with a deformable aortic model
was not significant (p=0.521), with a mean absolute
difference of 1.0+1.1mm. Table 1 summarizes the
mean measurements and p values from comparisons
between CT and FE analysis. Figure 3 illustrates the
agreement and differences between measurements
for each of the included FEVAR case within a spider
chart. A very high correlation between measurements
extracted from numerical simulation with deformable
aorta and measurements from postoperative CT was
observed (correlation coefficient r=0.81, p=0.004).
Scatterplots in Fig. 4 display the correlation between
measurements derived from numerical simulation
with a deformable aorta and prototype test in 3D-
printed model versus the postoperative CT reference.
Linear regression through the origin shows a coeffi-
cient of 1.02 between measurements from numerical
simulation and postoperative CT.

Discussion

The present study provides additional evidence of the
possible usefulness of numerical simulation over the
traditional use of a demo device and 3D aortic model
in custom-made endograft planning. The merit of a fit
test of a custom-made graft prototype seems logical
and has previously been shown in a study investigat-
ing the effect of prototype-testing in a 3D aortic model
before FEVAR [7]. With advanced technologies at our
disposal and an option to simulate such a test through
numerical simulation, we can verifiably reduce deliv-
ery times of custom-made endografts [8]. In that re-
gard, numerical simulation already has the potential
of a positive impact on patients undergoing FEVAR
treatment by being able to reduce the waiting time
for surgery. The current study investigated not only
whether numerical simulation can reproduce a mea-
surement on the traditional fit test in a rigid aortic
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Fig. 4 Numerical simula- 34
tion of a deformable aorta
shows good correlation with
measurements from post-
operative computed to-
mography angiography
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Fig. 5 Postoperative computed tomography angiography (a
shows less tension within the proximal sealing rings. This can
also be seen on deformable simulation (b) as indicated by the

model, but also whether using a deformable simula-
tion of the aorta may have an added benefit.

While agreement between the rigid printed and
simulated models regarding peak-to-peak measure-
ments at the proximal sealing ring was apparent, both
modalities were significantly different from measure-
ments in postoperative CTA. However, a good cor-
relation between measurements from FE analysis
with a deformable aorta and postoperative CT was
demonstrated and the observed mean absolute dif-
ference between the two was close to 1mm. It is
therefore likely that testing the graft in a deformable

red circles. In comparison, rigid simulation (¢) and the printed
silicone model (d) show a different proximal sealing ring con-
figuration (green circles)

simulated model of the aorta may allow for more ac-
curate assessments of graft-aorta interactions, which
have previously been reported to occur after FEVAR
[9].

This work constitutes to the authors’ best knowl-
edge the first FE analysis in which the interaction of
a custom-made fenestrated device with a deformable
modeling of the patient’s aorta is assessed. Future
investigations may build on the encouraging results
of this study to include additional demographic and
clinical patient data and assess the relevance in terms
of clinical outcome. Apart from a previously de-
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scribed advantage of saving time, simulation—when
performed using the deformable aortic and graft
components—may be able to assess the adequacy
and reliability of sizing [10, 11] and oversizing, and
potentially be able to identify favorable configurations
of the proximal sealing ring (Fig. 5). Stent graft sizing
using numerical simulation has previously also been
reported to be a success in patients undergoing FEVAR
using a differently designed custom-made graft [12].
The simulation procedure is by no means limited to
the pararenal setting or specific endografts used in
this series [13, 14]. As the proximal sealing ring typical
to the Anaconda endograft is likely a factor relevant
for the longevity of the endovascular repair achieved
using this specific device, correlation of the findings
from FE analysis with deformable components with
mid- to long-term clinical results and occurrence of
endoleaks or loss of sealing ring tension may also be
worthwhile topics for future trials.

Limitations

The study was conducted with a small sample of pa-
tients and may be considered hypothesis-generating
rather than a definitive proof of the value of numer-
ical simulation for assessing custom-made endograft
design. The parameter chosen to assess graft-aorta
interaction (peak-to-peak distance) was selected due
to its simplicity and reproducibility, as well as the po-
tential to provide a substitute that can easily be as-
sessed on the models, simulations, and CT scans. It
is merely one metric that may be considered when
assessing the fit of a custom-made endograft, and its
use in this study is based on the notion that the prox-
imal sealing ring is an important area when it comes
to graft-aorta interactions and the desired seal when
performing FEVAR using this device.

Conclusion

When a deformable model of the aorta is computed,
numerical simulation seems reliable and superior to
printed rigid aortic models in predicting proximal
sealing ring configurations as a surrogate of endograft
fit and endograft-aorta interaction in the patient.
This deserves further assessment in future trials that
investigate a possible benefit of fewer proximal seal-
ing zone failures. Finite element analysis may be
able to streamline communication during endograft
planning and fabrication, save time, and improve our
ability to ensure adequate fit of custom-made devices
in our patients.
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