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Abstract
Purpose An important issue in the deployment of braided
stents, such as flow diverters, is the change in length, also
known as foreshortening, underwent by the device when is
released from the catheter into a blood vessel. The position of
the distal end is controlled by the interventionist, but know-
ing a priori the position of the proximal end of the device
is not trivial. In this work, we assess and validate a novel
computer method to predict the length that a braided stent
will adopt inside a silicon model of an anatomically accurate
vessel.
Methods Three-dimensional rotational angiography images
of aneurysmatic patients were used to generate surface mod-
els of the vessels (3Dmeshes) and then create accurate silicon
models from them. A braided stent was deployed into each
siliconmodel tomeasure its length. The same stents deployed
on the silicon models were virtually deployed on the 3D
meshes using the method being evaluated.
Results The method was applied to five stent placements
on three different silicon models. The length adopted by the
real braided device in the silicon models varies between 15
and 30% from the stent length specified by themanufacturer.
The final length predicted by the method was within the esti-
mated error of the measured real stent length.
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Conclusions The method provides, in a few seconds, the
length of a braided stent deployed inside a vessel, showing an
accurate estimation of the final length for the cases studied.
This technique could provide useful information for plan-
ning the intervention and improve endovascular treatment of
intracranial aneurysms in the future.
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Introduction

An increasing number of braided stents are being used
in endovascular treatment of intracranial aneurysms (IAs)
[7,22,24]. These devices have the advantage of being highly
maneuverable, allowing the interventional neuroradiologist
to reach distal regions within the intracranial vasculature.
One treatment that became popular in the past few years is
the use of flowdiverters (FDs) for aneurysmocclusion. These
are braided devices with a dense mesh of interwoven wires,
having 24 wires and more. FDs are used to change hemody-
namic conditions inside of the aneurysm, redirecting blood
flow away from the aneurysm into the parent vessel [12],
thus promoting controlled thrombosis inside the aneurysm
sac and restoring normal blood flow [18].

One of the main technical problems of FDs and, by exten-
sion, of any braided device is that it is hard to predict the
final length of the device inside the vessel, which results in
a considerable foreshortening after deployment. This fore-
shortening depends on the patient’s vasculature [4,8]. The
positioning of the device can be critical if it happens to
occlude adjacent arteries, if the proximal ends lay on high
curvature regions or if there is risk of device migration after
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deployment [14,21]. Migration of the device can happen for
several reasons, among them: a loose apposition on the ves-
sel wall or due to squeezing forces at the edges of the device
that make it slip backwards. Moreover, shortening of braided
stents after deployment has been observed if the device is
stretched during the intervention [5]. The final length can
also affect the hemodynamic performance of the FD [17].

Having an accurate prediction of the length that the FD
will adopt before its placement can be helpful in planning a
clinical intervention and assess the use of the stretching or
packaging on the device with respect to the standard release
inside the vessel.

Different computational methods have been proposed in
the literature tomodel endovascular devices. Themethodpre-
sented byAppanaboyina et al. [1] focus on the generation of a
geometrical representation of a FD for the simulation of post-
treatment hemodynamics. More recent work of Larrabide et
al. [11] and Peach et al. [19] has focused on the representation
of the devices and its validation with finite element mechan-
ical models [3] and its use in computational fluid mechanics
[2]. The work of Ma et al. [15] presents a methodology for
the mechanical simulation of FDs that applies finite element
analysis to generate a detailedmodel of the devicemechanics
and its individual threads. A similar approach was previously
applied to optimize the foreshortening undergone by a FD
during unconfined free release from the catheter [6].

None of the methods mentioned above can predict the
foreshortening of a FD after insertion in the vasculature of
a real patient in a way that is both fast and accurate. A
method for the computation of such change in length has
been recently proposed that rapidly computes the length of
a braided device when released inside a vessel [10]. In this
work, we present a validation of this method in silicon mod-
els.

Methodology

This section describes the technical procedure to determine
the final length of a FD before its placement inside a vas-
cular structure. The proposed algorithm allows determining
the proximal end point provided the distal end point of the
FD. It is based on the analysis of the foreshortening of the
FD due to the local vessel morphology. This methodology
requires a function that calculates the relation between the
length change of the FD and the local vascular morphology.

Braided device foreshortening algorithm

The braided device foreshortening (BDF) algorithm predicts
the foreshortening of a FD, see [10]. The method is based on
the analysis of the local morphology at the region where the
device is released.

A 3D mesh of the vessel is needed for the application of
BDF. This 3D mesh consists on a computational model of
the lumen from which the local morphology of the vessel is
characterized. This local morphology is associated with the
vessel cross section (perpendicular to its centerline), and it is
described by the diameter of the maximum inscribed sphere,
perimeter of the vessel and cross-sectional area.

The centerline of these 3D meshes and the local morphol-
ogy descriptors along the centerline were obtained using the
open source tool VMTK [20,23]. The centerline was divided
into segments sufficiently small such that local morphologi-
cal variables were almost constant along each segment.

The morphology descriptors of the vessel at each segment
and a length change function (LCF) for each device are the
input of the BDF algorithm. We define the nominal config-
uration of the FD as the length and diameter adopted by the
FD when is released free outside the vessel. Once the user
selects the distal end point, the method is then applied to
each segment toward the proximal end of the centerline and
calculates the amount of nominal FD length needed to cover
each segment [10]. The method ends at the point of the cen-
terline where the total sum of covered segments is equal to
the nominal length of the FD.

The final FD length is the distance between the starting
distal point and the final proximal point calculated by BDF
along the centerline. If we consider that a FD has a cylin-
drical geometry and that its structure tends to maintain this
configuration when released, the FD is then approximated by
a tube whose local radius is the maximum inscribed sphere
at each segment of the centerline.

The average time required for the execution of this
algorithm on a standard computer configuration (Intel i7,
2.20GHzx8, 8GB, with no parallelization) is in the range
of 2–3 s, which is considerably faster than similar methods
based on finite element analysis, with computational times
in the order of hours [6].

Length change function

The LCF is used to compute the foreshortening of a section
of the device. A FD is a cylindrical tube made of interlaced
braids arranged in a helical shape that maintains its interwo-
ven pattern after deformation. Figure 1 shows a schematic
draw of a FD,where braiding angle, diameter and strut length
are shown. A strut of a FD is the line enclosed between adja-
cent crossings of the interlaced wires. The number of struts
in a FD is constant and depends on the wire turns per unit
length.

Because the length of a wire is constant at any position of
the device, the foreshortening underwent by the stent when
released is related to the diameter through the helix equation.
This can be easily applied to a constant radial deformation
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Fig. 1 Detail of a FD, the interlaced threads are arranged in a sinu-
soidal pattern along the stent length. The angle between threads, α,
determines the diameter of the stent, φ, and the stent length by chang-
ing the projection of Lstrut along its x axis

along the device length to calculate the foreshortening for
different diameter configurations.

The LCF is calculated for deployment conditions where
the device is not affected by pushing or pulling the catheter,
and thus, the maximum diameter available for the FD expan-
sion corresponds to the diameter at the nominal position [10].
This assumption can limit the method’s accuracy, and it has
not been considered on this study. Such effects are currently
under study.

The LCF can also be obtained experimentally, by mea-
suring the local shape parameters of a FD when deployed
on tubes of different shapes and sizes. This would provide
a function of the length versus the diameter of the device,
and this can be comparable to the FD lengths at different
diameters provided by the manufacturing companies.

Materials

The validation of the proposed method was done on FDs.
Three-dimensionalRA images from three patientswere used,
from which 3D meshes were obtained by applying a march-
ing cubes algorithm with a threshold of the 10% of the
maximum pixel value [13]. The meshes obtained were used
to generate 3D silicon models with a 3D printer to deploy
FDs inside. The data used for the validation were as follows:

1. a set of photographs of the silicon models with the FDs
released inside.

2. 3DRA images of the siliconmodelswith the FDs released
inside.

Figure 2 shows the 3D meshes of the three cases.
The anatomical models were provided by Acandis GmbH
(Pforzheim,Germany).Model P1was obtained using an Inte-
gris™ Allura System (PhilipsHealthcare, Best,Netherlands)
with a spatial resolution of 0.08 × 0.08 × 0.08 mm. Models

Fig. 2 3D meshes used to evaluate the BDF algorithm. The meshes
were created with a marching cubes algorithm from 3DRA images of
real patients. Aneurysms from P1 and P2 are placed at the internal
carotid artery close to the middle cerebral artery bifurcation. P3 is also
located at the internal carotid artery with a small aneurysm at the base
of the ophthalmic artery

P2 and P3 were obtained using an AXIOM Artis (Siemens
Medical Solutions, Erlangen, Germany) with a spatial reso-
lution of 0.362 × 0.362 × 0.362 mm. All cases correspond
to saccular aneurysms at the internal carotid artery close to
the bifurcation. Patient P3 shows a second small aneurysm at
the ophthalmic artery bifurcation, contralateral to the larger
one.

Two FDs designed by Acandis GmbH have been used,
Derivo 4.0 × 25 (D4.0 × 25) and Derivo 4.5 × 20 (D4.5 ×
20). The FDs were selected following the criteria usually fol-
lowed by clinicianswhen selecting a FD for a specific patient.
The FD design is detailed on Table 1 for the nominal con-
figuration. Both FDs are manufactured with three different
regions. The central region presents more wire turns per unit
length, thus showing a denser mesh with more struts per unit
length. This is done with the purpose of further decreasing
the inflow into the aneurysm, and this part of the FD should
be placed to cover the aneurysm neck region. The transi-
tion between regions with different mesh densities is smooth
and can vary between different stents of the same diameter
and length. Figure 3 shows schematically the structure of
Derivo. The central region at the nominal position of D4.0×
25 occupies (52± 3)% of the FD length. The central region
at the nominal position of D4.5 × 20 occupies (43 ± 3)%
of the FD length. The transition zone can be slightly differ-
ent between FDs within the safety margins established by
the manufacturing process. This variability occurs because
of the transition of the braiding angle between neighboring
regions, which can vary the number of struts on each region.
The variability of the transition zone is thenmodeledwith the
BDF by defining a maximum and minimum length change
(Table 1).

Five cases were used to validate the algorithm. An
interventional neuroradiologist experienced in FD treatment
deployed the FDs into the three siliconmodels P1, P2 and P3.
A specialist from the manufacturing company also released
the same two FDs inside P2 and P3. D4.0× 25 was released
into model P1, and D4.5 × 20 was released into models P2
and P3.
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Table 1 Derivo FD design
parameters, namely nominal
diameter, nominal length, φ and
number of struts at each region

Stent Nominal φ
(mm)

Nominal length
(mm)

Region 1
min–max

Region 2
min–max

Region 3
min–max

D4.5 × 20 4.66 14 9–17 33–44 11–17

D4.0 × 25 4.16 17 9–17 56–75 11–17

Fig. 3 Schematic representation of a Derivo FD, which presents three
different mesh densities. The central region (more dense) is designed
to be placed at the region of the vessel affected by the aneurysm. Due
to the manufacturing process, the transition between regions is smooth,
leading to a zone on which the braiding angle smoothly ranges between
the braiding angles of the two neighboring regions

Fig. 4 Photographs of the 3D silicon model of P2 for two different
points of view. The manual registration of the 3D mesh to the pho-
tographs allows superimpose the centerline. Points D and P refer to the
estimated distal and proximal ends of the released device. The distance
between both points determines the length of the FD deployed on the
silicon models

The length of the deployed FD in the transparent sili-
con models was estimated using photographs taken from
several points of views. Using the photographs as image
background, the corresponding 3D mesh was manually ori-
ented to visually match them. Distal and proximal points of
the FD were identified on the photographs and then marked
on the corresponding 3D centerline of the surface mesh (Fig.
4). On average, three different viewpoints were used for each
case.

The length measured from the photographs of the real
deployed stents was compared to the predicted length of the
FD calculated with ourmethod. For cases P2 and P3, an addi-
tional 3DRA was performed with the released FD inserted
by the neuroradiologist. This allowed performing a true 3D
comparison between the deployed stent and the prediction
of BDF and validating the measurement method used on the
photographs.

Results and discussion

Figure 5 shows the results for models P1, P2 and P3 treated
by the neuroradiologist compared to the BDF prediction. The
results for all treated cases are listed in Table 2. The label sub-
figure PXY refers to PX as the patient (P1, P2 and P3) and
Y to the interventionist that released the FD. Table 2 shows
the real, the predicted minimum and predicted maximum FD
lengths for five cases. The maximum and minimum change
in length for the FD ranges from 50 (P11) to 94% (P21)
of the FD nominal length (Table 1). These values are rela-
tively higher than those reported on FD for releasing from
the catheter to the nominal position [6].

The proposed method assumes a normal delivery of the
device inside the vessel and does not account for packing
by the interventionist during the FD deployment. The silicon
model is rigid, and therefore, the FD does not impose any
radial deformation on the vessel wall. This might not hold
when treating real patients. Still, the vessel radial deforma-
tion is much smaller for nitinol FDs, such as Derivo, than for
cobalt-chromium alloy FDs, whose radial force is consider-
ably higher [16].

It can be noticed from Fig. 5 and Table 2 that the BDF pre-
diction of the maximum length shows the best fit. The reason
can be that, for a FD of a given diameter and length, the
transition between regions is smooth, and the braided angle
gradually changes from one region to the next, thus chang-
ing the density of the mesh and the number of struts. The
contribution to the foreshortening is higher for regions with
more struts independently of the region they belong to. Those
parts (close to the center) from the external regions that show
a higher density compensate the lower density at the edges of
the central region. As the contribution to the foreshortening
of the denser regions is higher, the result adapts better to the
maximum length change. Further studies with more cases
could help on a better understanding of this behavior.

Both maximum and minimum predicted FD lengths are
shown in Fig. 5, according to the variability at the transi-
tion regions of the device. The red, green and blue colors
correspond to the regions with different mesh densities of
the Derivo. Since there is no visual indication on the device,
it is difficult to the naked eye of the interventionist to esti-
mate where the different regions start and end. The proposed
method provides a visual guide to the interventionist for plac-
ing the central region under the aneurysm neck.
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Fig. 5 Maximum (top) and minimum (bottom) FD predicted length
compared with photographs of the real cases for those deployed by the
interventional neuroradiologist. Color indicates regions with different

mesh densities. Green region, which presents the denser mesh, should
be placed below the aneurysm neck

Table 2 The columns in the table present the case number, the FD
used in that case, the real length of the device measured from three pho-
tographs for each case (showing mean and SD) the length simulated

by the studied method (both, minimum and maximum) and the mean
vessel diameter in the region occupied by the FD

Case Stent Real length
(mean ± SD) (mm)

Simulated length
(min–max) (mm)

Mean vessel
φ (mean± SD) (mm)

P11 D4.0 × 25 26.054± 1.289 22.745–26.163 3.339± 0.589

P21 D4.5 × 20 27.389± 0.849 21.547–26.874 3.697± 0.501

P31 D4.5 × 20 26.616± 0.751 22.271–26.201 3.771± 0.370

P22 D4.5 × 20 26.179± 0.122 22.516–27.116 3.634± 0.460

P32 D4.5 × 20 26.213± 1.043 22.500–26.662 3.715± 0.348

Figure 6 shows the lengths adopted by the FDs at differ-
ent diameters, using the data provided by the manufacturer.
Notice that for diameter changes from 4 to 3 mm, the asso-
ciated length goes from 25 to 40 mm. The measured FD
length on the silicon models is also shown on the figure. For
the samemean vessel diameter, an irregular tubular structure,
like the internal carotid artery, can lead to FD lengths far from
the data provided by the manufacturer. As the mean diam-
eter of the vessel decreases with respect to the FD nominal
diameter, the difference between the measured and expected
length increases, leading to unpredictable situations during
the intervention.
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Fig. 6 Real FD measured length (triangle) with error bars and the
manufacturer specifications (diamond) against the vesselmean diameter
for D4.0 × 25 (black) and D4.5 × 20 (red). The lines connecting the
manufacturer values are a guide for intermediate diameter values
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Figure 7 shows the measured, maximum and minimum
predicted FD lengths versus the mean diameter of the ves-
sel along the region occupied by the FD. From Table 2, we
observe that the range of the mean vessel diameter is on the
order of the SD of each case. Therefore, it is not possible to
infer a function of FD length dependent on this parameter.
The maximum difference between measured and maximum
predicted lengths is approximately 3% for case P22. Com-
paring the FD lengths from Figs. 6 and 7 for the same vessel
diameter, differences of 15–30% are obtained with respect
to lengths provided by the manufacturer.

Previous works have assessed the length change for a con-
stant radial deformation along the stent length [6,9,15]. In
this work, the assessment was done on anatomically accu-
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Fig. 7 Real FD measured length (triangle) with error bars and pre-
dictedmaximum length (filled circle) andminimum length (open circle)
plotted versus vesselmean diameter for D4.0×25 (black) andD4.5×20
(red) φ

rate vessel models. Figure 8 shows the maximum predicted
length of D4.5 × 20 for the cases P21 and P31 compared
with the 3DRA of the FD released inside the silicon model.
The vessel is shown in red, while the predicted FD is shown
in green. The real FD radiopaque threads (markers) are also
visible in semitransparent blue. It can be observed that the
distal and proximal end points of the device show a good
match between the real and predicted case. Also, the surface
of the real FD nicely follows the surface of the predicted
FD. The predicted FD fits the adaptation of the FD to the
aneurysm neck, except at the distal zone on case P21, where
the real stent herniates into the aneurysm sac. Further studies
have to be carried out to improve the adaptation of the stent
to the vessel wall. For a first approximation, the proposed
method provides a simple way to estimate the final length of
the FD and helps inferring regions that are in contact with
the vessel wall with small computational cost [15].

Conclusions

A method to calculate the length of a FD inside a vessel
has been assessed in this work. The method is based on the
use of a Length Change Function and a representation of
the vessel with appropriate local morphology information.
The computational time of the algorithm is in the order of
2–3 s, thus being a promising technique for helping clini-

Fig. 8 Comparison of a 3DRA volume rendering of the silicon models
with the FD deployed inside against the predicted FD maximum length
change for cases P21 (left) and P31 (right). In both cases, the FD used
was a D4.5× 20 deployed by the interventional neuroradiologist. The

blue spots at the end of the FD correspond to the radiopaque markers.
The predicted FD is shown as a greenwireframe mesh inside the vessel
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cal decisions in real time. A validation of the method has
been presented for saccular aneurysms comparing the real
and predicted FD lengths. A 3D comparison of deployed and
predicted results is also shown in two cases, with an accurate
matching between them. The real and predicted lengths are
30–15% lower than the lengths provided by the manufac-
turer. Further clinical validation with more cases is currently
under development. Results are promising, indicating that
this technique could provide useful information for improved
endovascular treatment of IAs in the future.
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