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WHAT THIS PAPER ADDS

Fenestrated stent grafting has become a standard endovascular approach to treat complex abdominal aortic
aneurysms. Currently, accurate device planning requires significant operator experience and a long
manufacturing delay. This step is known to be crucial for surgical success. Computational modelling could prove
helpful in providing more tailored and straightforward care in patients, especially for planning. This study ex-
plores the potential of simulation for fenestrated stent graft sizing.
Objectives: The aim was to validate a computational patient specific model of Zenith� fenestrated device
deployment in abdominal aortic aneurysms to predict fenestration positions.
Methods: This was a retrospective analysis of the accuracy of numerical simulation for fenestrated stent graft
sizing. Finite element computational simulation was performed in 51 consecutive patients that underwent
successful endovascular repair with Zenith� fenestrated stent grafts in two vascular surgery units with a high
volume of aortic procedures. Longitudinal and rotational clock positions of fenestrations were measured on
the simulated models. These measurements were compared with those obtained by (i) an independent
observer on the post-operative computed tomography (CT) scan and (ii) by the stent graft manufacturer
planning team on the pre-operative CT scan. (iii) Pre- and post-operative positions were also compared.
Longitudinal distance and clock face discrepancies >3 mm and 15�, respectively, were considered significant.
Reproducibility was assessed using BlandeAltman and linear regression analysis.
Results: A total of 195 target arteries were analysed. Both BlandeAltman and linear regression showed good
reproducibility between the three measurement techniques performed. The median absolute difference
between the simulation and post-operative CT scan was 1.0 � 1.1 mm for longitudinal distance
measurements and 6.9 � 6.1� for clock positions. The median absolute difference between the planning
centre and post-operative CT scan was 0.8 � 0.8 mm for longitudinal distance measurements and 5.1 � 5.0�

for clock positions. Finally, the median absolute difference between the simulation and the planning centre
was 0.96 � 0.97 mm for longitudinal distance measurements and 4.8 � 3.6� for clock positions.
Conclusions: The numerical model of deployed fenestrated stent grafts is accurate for planning position of
fenestrations. It has been validated in 51 patients, for whom fenestration locations were similar to the sizing
performed by physicians and the planning centre.
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INTRODUCTION

In most high volume European aortic centres, stent graft (SG)
implantation is considered the first line treatment for
thoracic and abdominal aortic aneurysms (AAAs) in patients
with suitable anatomies.1,2 Fenestrated stent grafting
(FEVAR) is a validated endovascular approach to treat com-
plex AAA with unfavourable anatomies (short infrarenal neck,
suprarenal or type IV thoraco-abdominal aneurysms).3e7
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FEVAR requires custom made devices specifically tailored to
each patient’s anatomy. As a result, the delay for planning
and manufacturing currently ranges from six to eight weeks,
which may preclude its use in patients presenting with large
aneurysms. Accurate device planning requires the use of
dedicated three dimensional imaging software combined
with a high resolution pre-operative computed tomography
(CT) scan to perform all the necessary measurements. In
patients with arterial tortuosity or important angulation, it is
difficult to predict SG behaviour in the aorta and to modify
the semi-automated arterial segmentation and centreline
reconstructions accordingly.

Finite element analysis (FEA) is a numerical method used
to overcome biomechanical problems using displacement,
strain, and stress analysis.8 FEA can be used to predict the
deployment of SGs in aortic aneurysms.9e13 Recent litera-
ture has highlighted the advances in computational analysis
applied to endovascular repair. Based on analyses focused
on the mechanical behaviour of SGs,14 models of EVAR and
suprarenal devices deployed in virtual models have been
established;15,16 these patient specific models have proved
reliable.9e13

The aim of this study was to assess two different steps of
a patient specific finite element model of Zenith� fenes-
trated device deployment in complex AAAs to predict
fenestration positions. The primary hypothesis was that
simulation would provide accurate positioning of fenestra-
tions compared with standard planning techniques and
post-operative CT scan measurements.

MATERIALS AND METHODS

Study population

The study was approved by the Institutional Review Board
of the French Society of Thoracic and Cardiovascular Sur-
gery (Société Française de Chirurgie Thoracique et Cardio
VasculairedSFCTCV).

The study population consisted of 51 consecutive pa-
tients who underwent implantation of a Zenith� fenes-
trated AAA endovascular graft (Cook Medical, Bloomington,
IN) to treat juxtarenal, pararenal, or thoraco-abdominal
aortic aneurysms between January 2016 and April 2018 at
Henri Mondor Hospital and Marie Lannelongue Hospital.

Exclusion criteria were non-availability of pre-operative
CT scan, poor pre-operative CT scan quality precluding
modelling analysis (poor quality of the contrast agent in-
jection or large slice thickness (> 3 mm)), post-dissection
aneurysms, and devices combining branch(es) and
fenestration(s).
Sizing process

The sizing of the SG was performed by the manufacturer
(Cook Medical�, London, UK).
Simulation strategy

High resolution pre-operative arterial phase CT scans were
used to generate patient specific three dimensional (3D)
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models of the aorta, from the descending thoracic aorta to
the common iliac arteries, including the target arteries
(coeliac trunk, superior mesenteric, and renal arteries) using
the VMTK (Vascular Modeling Toolkit, www.vmtk.org) li-
brary. This open source software semi-automatically seg-
ments DICOM (Digital Imaging and Communications in
Medicine) datasets from the CT scan and creates 3D
vascular models (aortic segmentation step).17 As calcifica-
tions of the aortic wall and intraluminal thrombus were not
included in the model, the aortic wall and the target vessels
were considered as homogeneous surfaces with a constant
thickness of 1.5 mm and 1 mm respectively. The custom
made SGs were reproduced digitally on the basis of the
graft plan data. Deployment of the personalised SG in its
corresponding model of the aorta was performed retro-
spectively using the commercially available Abaqus/Explicit
v6.14 finite element solver (Dassault Systèmes, Paris,
France). Simulations were achieved using proprietary algo-
rithms (Planop, PrediSurge, Saint-Etienne, France). Compu-
tational technology was based on finite element analysis
and assessed the deformations induced by the deviceehost
interaction resulting in a prediction of SG behaviour and
arterial displacement. Briefly, the aortic surface was virtu-
ally deformed until a cylindrical shape of the aorta was
obtained. This step of numerical aortic deformation was
called “morphing”. Then, it was possible to deploy a stent
graft inside the cylindrical aorta, and to reverse the defor-
mation of the aortic surface while maintaining the stent
graft in place (Fig. 1). The validation of this model was
previously reported by the group.9,10

The aortic wall was assigned an orthotropic elastic
behaviour. Mechanical properties of stents and fabric were
obtained either from literature or from in house mechanical
testing of samples obtained from manufacturers.14 For the
stents, a linear elastic material behaviour was used, repro-
ducing the nitinol behaviour in its austenitic phase.14 The
polyester fabric was modelled as an orthotropic elastic
material.14

Simulation analysis

For each visceral artery incorporated into the graft, two
data parameters were measured by a blinded investigator:
the longitudinal distance between the ostial centres along
the centreline, measured in millimetres (mm), and the
rotational clock angle between each visceral artery,
measured in degrees (�). These two parameters encoded
the position of the visceral arteries relative to one another.

Automated fenestration positions were calculated by the
software from the “morphing” step.

The different steps of the simulation methodology are
illustrated in Fig. 1.

Post-operative images analysis

One trained and independent observer performed the post-
operative imaging analysis. The position of the fenestrations
on the post-operative CT scan represents the “ideal” SG
configuration because any sizing mismatch is compensated
utomated Sizing of Fenestrated Stent Grafts, European Journal of Vascular and
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Figure 1. Simulation methodology. (A) Aortic and stent graft modelling (B) “Morphing” step and deployment
simulation. (C) Fenestrations positioning on the cylindrical aortic shape and on the deformed graft are compared
with standard planning techniques and post-operative computed tomography scan measurements.
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by the stent graft’s longitudinal (stents are not connected to
each other) and rotational (10%e20% oversizing) flexibility.
The measures of relative angle and distance between each
visceral artery were extracted using a dedicated imaging
workstation (TeraRecon Inc., Santa Rosa, CA, USA) and the
modality previously described for pre-operative sizing.18

Statistical analysis

All statistical analyses were performed using R statistical
software version 3.5.2 (R Foundation for Statistical
Computing, Vienna, Austria). Unlike the real deployment
process, the simulated SG was not deployed inside the aorta
based on the position of one of the target arteries but with
an automatic longitudinal position and an overall rotation
of zero degrees. A systematic measurement bias could have
been induced by this method. In order to provide relevant
comparisons between the implanted FEVAR and simulation
processes, a constant shift was applied to all the fenestra-
tions for each case to correct potential differences induced
by these two parameters. However, the relative distances
and angles between the fenestrations for each case were
preserved, as illustrated in Fig. 2.

The measures were compared with respect to the abso-
lute longitudinal and rotational differences.

Agreement between the different measures was assessed
by plotting the difference between each method relative to
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each other with the limits of agreement (� 1.96 standard
deviations around the mean difference) as described by
Bland and Altman. Quantitative variables were also ana-
lysed by linear regression test, used to calculate the bias,
estimated by the mean difference and the standard devia-
tion of the difference.

Longitudinal distance and clock face discrepancies >
3 mm and > 15�, respectively, were considered significant,
according to the interobserver variability of pre-operative
sizing reported in the literature.18e20
RESULTS

Fifty-one FEVAR deployments were simulated with a total of
180 fenestrations and 15 scallops (195 target arteries).
Details are reported in Table 1. Examples of simulation re-
sults are presented in Fig. 3. Fifteen patients were excluded
for non-availability of pre-operative CT scan (3/15), poor
pre-operative CT scan quality (5/15), post-dissection aneu-
rysms (4/15), and devices combining branch(es) and fen-
estration(s) (3/15).

In current practice, numerical simulations required
approximately eight hours of computational analysis,
including two hours of manual work. The automated
fenestration positions extracted from the “morphing” step
were obtained in approximately half an hour.
utomated Sizing of Fenestrated Stent Grafts, European Journal of Vascular and
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Figure 2. Illustration of constant shift applied on simulation results. The relative distances and
angles between the fenestrations for each case are preserved.
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The mean slice thickness of the pre-operative CT scans
was 1.2 � 0.45 mm (0.5e2.0). Similar results were obtained
when comparing infra- or millimetric CT scans and supra-
millimetric CT scans.
Quantitative assessment

The numerical results are summarised in Table 2.
Both BlandeAltman and linear regression showed good

reproducibility for longitudinal and circumferential position
between the three methods (Fig. 4).

The median absolute difference between the simulation
and post-operative CT scan was 1.0 � 1.1 mm for longitu-
dinal distance measurements and 6.9 � 6.1� for clock po-
sitions. The worst case was a longitudinal distance
difference of 6.0 mm and an angle difference of 44.3�.
Ninety five per cent of the longitudinal deviances were
shorter than 3 mm (43/51 cases) and 96% of the rotational
deviances were under 15� (44/51 cases).

The median absolute difference between the planning
centre and post-operative sizing was 0.8 � 0.8 mm for
longitudinal distance measurements and 5.1 � 5.0� for
clock positions. The worst case was a longitudinal distance
difference of 4.0 mm and an angle difference of 37.1�.
Table 1. Distribution of fenestrations and scallops of the
simulated stent grafts

n of fenestrations/
scallops

Cases
(n)

Fenestrations
(n)

Scallops
(n)

5/0 1 5 0
4/0 28 112 0
3/0 7 21 0
4/1 1 4 1
3/1 10 30 10
2/1 4 8 4
Total 51 180 15
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Ninety seven per cent of the longitudinal deviances were
shorter than 3 mm (46/51 cases) and 98% of the rotational
deviances were under 15� (48/51 cases).

The median absolute difference between the simulation
and the planning centre was 0.96 � 0.97 mm for longitu-
dinal distance measurements and 4.8 � 3.6� for clock po-
sitions. The worst case was a longitudinal distance
difference of 5.0 mm and an angle difference of 21.8�.
Ninety eight per cent of the longitudinal deviances were
shorter than 3 mm (47/51 cases) and 99% of the rotational
deviances were less than 15� (49/51 cases).

A subgroup analysis focusing on the number of fenes-
trations (group 1: four fenestrations or scallop (39/51) and
group 2: three fenestrations or scallop (11/51)) showed
similar results. The median absolute difference between the
simulation and the post-operative sizing was approximately
1 mm (1.0 � 1.2 mm and 1.0 � 1.2 mm, respectively) for
longitudinal distance measurements and 7.5� (7.0 � 6.3�

and 7.9 � 5.2�, respectively) for clock positions. The median
absolute difference between the simulation and the plan-
ning centre was approximately 1 mm (0.9 � 1.2 mm and
1.2 � 0.9 mm, respectively) for longitudinal distance mea-
surements and 5� (4.8 � 3.6� and 4.8 � 3.8�, respectively)
for clock positions.
Qualitative assessment

Two cases of proximal suboptimal apposition were
observed and one case presented with an excess graft
oversizing (Fig. 5A,B). An inhomogeneous deployment of
the SG was observed in six cases; it was also depicted on
the post-operative CT scan. On the example, the posterior
stent struts were tightened whereas the anterior struts
were spread apart. This stent configuration was similar on
the simulation and the post-operative CT scan (Fig. 5C). Two
cases presented a SG shifted towards the aortic axis
because of a significant misalignment of the aneurysm sac
and the aortic axis (Fig. 6). In six cases, pleated fabric was
utomated Sizing of Fenestrated Stent Grafts, European Journal of Vascular and
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Figure 3. Illustration of the three different stent graft modelling and simulation results. (A) stent
graft with proximal bare stent. (B,C) Stent graft without bare stent with two different geometries.
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observed at the level of the visceral arteries and a similar
aspect was found on the corresponding post-operative CT
scan (Fig. 5D,E).

Automated sizing process

The numerical results are summarised in Table 2.
The median absolute difference between automated and

post-operative sizing was 3.0 � 0.3 mm for longitudinal
distance measurements and 11.0 � 9.3� for clock positions.
The worst case was a longitudinal distance difference of
16.7 mm and an angle difference of 56.0�. Ninety three per
Please cite this article as: Derycke L et al., Patient Specific Computer Modelling for A
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cent of the longitudinal deviances were shorter than 3 mm
(39/51 cases) and 91% of the rotational deviances were
under 15� (38/51 cases).

The median absolute difference between automated
sizing and the planning centre was 1.2 � 1.7 mm for lon-
gitudinal distance measurements and 7.4 � 6.5� for clock
positions. The worst case of each was a longitudinal dis-
tance difference of 15.5 mm and an angle difference of
44.9�. Ninety three per cent of the longitudinal deviances
were under 3 mm (40/51 cases) and 97% of the rotational
deviances were under 15� (46/51 cases).
utomated Sizing of Fenestrated Stent Grafts, European Journal of Vascular and



Table 2. Comparison results of longitudinal and clock positions obtained by the two steps of the simulation model and the pre- and
post-operative sizing; and percentage of longitudinal and clock position discrepancies below the significance limits of 3 mm and
15�

Longitudinal position e mm Circumferential position e �

Post-operative sizing Pre-operative sizing Post-operative sizing Pre-operative sizing

Median±SD
(range)

n£3 mm
(%)

Median±SD
(range)

n£3 mm
(%)

Median±SD
(range)

n£15�

(%)
Median±SD
(range)

n£15�

(%)

Simulation 1.0 � 1.1
(e5.9 to 6.0)

95 0.96 � 0.97
(e4.6 to 5.0)

98 6.9 � 6.1
(e44.3 to 25.1)

96 4.8 � 3.6
(e21.8 to 19.3)

99

Pre-operative sizing 0.8 � 0.8
(e4.0 to 4.0)

97 5.1 � 5.0
(e37.1 to 18.4)

98

Automated positions 3.0 � 0.3
(e9.5 to 16.7)

93 1.2 � 1.7
(e15.5 to 9.5)

93 11.0 � 9.3
(e56.0 to 38.0)

91 6.5 � 6.1
(e44.9 to 34.0)

93

SD ¼ standard deviation.
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DISCUSSION

Treatment of complex AAA by FEVAR has been proven
feasible, effective and safe3e7 and has the potential to
greatly reduce the mortality and morbidity risks, especially
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in the subgroup of patients at high risk of open repair.
However, the use of fenestrated devices implies proper
analysis of the arterial geometry to design a custom made
SG. Physicians have to be trained to use dedicated sizing
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Figure 5. Qualitative assessment examples. (A) Oversizing excess; (B) defect of proximal appo-
sition; (C) case of inhomogeneous stent graft deployment: simulation (in red) is compared with a
similar view of the implanted stents extracted from the post-operative computed tomography (CT)
scan (in grey); left lateral and posterior views. (D,E) Anterior view of two cases with a pleated
fabric on simulations results (in red) and comparison with similar view of the actual stents
extracted from the post-operative CT scan (in grey).
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software and to be familiar with 3D imaging and its limi-
tations.21,22 An automated, reproducible and precise sizing
procedure could facilitate the clinical process and free up
physician time.

The model proved successful in providing fenestration
locations similarly to the current sizing performed by the
planning centre, confirmed by the comparison with the
post-operative analysis. The process has been successfully
evaluated in 51 patients.

Accurate positioning of the fenestrations is a determinant
of procedural success and long term patency. Numerical
simulation of SG deployment offers other potential advan-
tages. The behaviour of the deployed SG can be visualised
and assessed, including adequate application of the fabric,
proximal apposition, excessive oversizing or kinking, as seen
in Fig. 5. These results indicate the clinical relevance of
numerical simulation of FEVAR to improve outcome by
helping the physician to select appropriate graft diameters
and fenestration positions that best fits the individual pa-
tient. In unfavourable aortic anatomies, a deployment
simulation could be performed by the planning centre to
accept or reject cases. To allow relevant comparison, an
accurate digital reproduction of patient specific SGs was
performed based on the graft plan data. Standardised dig-
ital SG models are currently being constructed to provide a
quick and easy to use interface.

In less than 15% of cases longitudinal and rotational
differences greater than 3 mm or 15� were recorded. There
Please cite this article as: Derycke L et al., Patient Specific Computer Modelling for A
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is no consensus regarding maximum tolerance level be-
tween fenestrations and target vessels positions. Some
experienced endovascular specialists suggested that a
rotational deviance of 15� between the fenestration and its
target vessel was acceptable, as it was unlikely to lead to
significant complications.23 The results confirm the previous
studies focused on interobserver variability when sizing
FEVAR, which reported good agreement but also some
critical discrepancies between observers. Oshin et al. re-
ported an analysis of 25 FEVAR sizings performed by two
experienced operators; they observed deviances of more
than 3 mm in longitudinal position in 18% of cases, and of
more than 15� in 12% of cases on clock position.20 Banno
et al.18 reported a comparison of 268 FEVAR sizings be-
tween two experienced surgeons and the manufacturer.
They observed more than 22.5� angle discrepancy in 9.8%
of cases and more than 5 mm length discrepancy in 16.4%
of cases. Finally, Malkawi et al.19 reported results of a
comparison of 19 FEVAR sizings among four experienced
observers. The overall interobserver measurement error for
distance was 5.3 mm (95% confidence interval (CI) 4.4e6.2)
and for target vessel orientation 12.6� (95% CI 10.8e14.4).
Maurel et al.24 reported a comparison of FEVAR pre- and
post-operative sizing of renal artery distance and clock po-
sition and showed that an accommodation to sizing error
up to 15� in clock position may be considered acceptable,
without adverse consequences on patency. The current re-
sults compare favourably with these data.
utomated Sizing of Fenestrated Stent Grafts, European Journal of Vascular and
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Figure 6. Challenging clock position analysis. (A) Right lateral view; red arrow, the stent
graft has shifted forwards in the aortic lumen; black arrow, the stent graft is constrained
by the previously implanted endovascular abdominal aortic aneurysm repair. Transverse
views of (B) superior mesenteric and right renal arteries clock positions with the clock
aligned with the aortic lumen centreline and (C) with the clock aligned with the stent
graft lumen centreline.
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Furthermore, discrepancies could be partly explained by
the adjustment of the fenestrations designed by the
manufacturer to fit with the 15%e20% graft oversizing, the
presence of reducing ties, and fenestration shift to avoid
having a stent strut crossing the lumen of a fenestration.
These rotational adjustments explain why longitudinal
measurements showed less variability than circumferential
measurements. The technique of clock position measure-
ment, with its 7.5� accuracy, compared with the 1 mm ac-
curacy of longitudinal measurements, also explains this
difference.

A thorough examination of the cases has identified cau-
ses of discrepancy. An inhomogeneous deployment of the
SG was observed in six cases associated with rotational
position misalignment, which was also found on the post-
operative CT scan (Fig. 5). In misalignment of the aneu-
rysmal sac and aortic axis, the SG was shifted away from the
aortic axis, especially in cases with prior EVAR. In Fig. 6, one
of these cases is presented: the SG, which is constrained
above and below the aneurysm, is shifted forward in the
Please cite this article as: Derycke L et al., Patient Specific Computer Modelling for A
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aortic lumen at the level of the aneurysm. Different clock
positions are obtained depending on whether the aortic
lumen axis or the SG axis is used as a reference. In six cases
with a longitudinal position misalignment, pleated fabric
was observed at the level of the visceral arteries and a
similar aspect was found on the corresponding post-
operative CT scan, as shown in Fig. 5. Finally, discrep-
ancies were shown in two cases with a large distance be-
tween the SG and the visceral artery ostium and three cases
with large visceral artery diameter (> 10 mm). In such
anatomies, accuracy is less crucial to achieve technical
success.

The delay in producing a fenestrated device is related to
both planning and manufacturing. The current eight week
delay is inappropriate for urgent patients. Nowadays nu-
merical simulations require approximately eight hours of
computational analysis, including two hours of manual
work, which is similar to the time spent for planning by a
trained operator. To further reduce the delay and provide an
accurate and fast tool to physicians, computing capabilities
utomated Sizing of Fenestrated Stent Grafts, European Journal of Vascular and
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improve at a very rapid pace. In the near future, it is likely
that the time required to perform these simulations will fall
below an hour.

The first step of the deployment simulation provides
visceral artery positions within half an hour. However, the
aortic segmentation was inaccurate in some cases with
arterial calcification, previous EVAR with struts in front of
visceral arteries and ostial stenosis. For such cases, checking
the aortic segmentation is still required. A previous study
highlighted the need for “human input” in automated sizing
for EVAR.25 Measurement accuracy appeared to be better in
the current study, probably due to the improved quality of
the CT scans.

This study has several limitations. The study focused on
fenestrated devices and non-dissected aortas. Branched
device modelling is currently feasible and will be assessed in
specific studies. Improvements are also in progress to
extend the model to dissected aortas. Moreover, the study
focused on the Zenith Cook Medical device because it is the
most commonly implanted fenestrated endograft in both
centres, and because the position of the fenestration is
critical on this device, which is fully supported with stents.
Simulation of other fenestrated devices, which require
different planning methods, will be performed in a separate
study. The simulations could benefit from more sophisti-
cated modelling, including thrombus, and aortic wall calci-
fication and environment. Current validation of simulation
models remains a major issue. Simulation results were
compared with pre- and post-operative sizing, which have
their own limitations, and CT images analysis and numerical
models of SG deployment were performed retrospectively.

Numerical simulation of SG deployment in complex AAAs
was feasible in 51 patients and accurately determined pa-
tient specific fenestration positions. When compared with
post-operative sizing, the current process of sizing achieved
by the planning centre showed less variability than the
simulation model and automated positions extracted
directly from the “morphing” step still required manual
corrections. It is currently being improved with new
computational algorithms. This model is a reliable tool for
FEVAR planning and has the potential to help physicians
select the device design that best fits the patient’s aortic
anatomy. Evaluation of the software in other conditions,
such as unsuccessful cases, high arterial tortuosity cases
and physician modified stent grafts, should be addressed in
further studies. Moreover, prospective work should be done
in order to support these promising early results.
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