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Abstract— Mechanical forces and strain induced by tran-
scatheter aortic valve implantation are usually named as origins
for postoperative left ventricular arrhythmia associated with
the technique. No quantitative data has been published so far
to substantiate this common belief. As a first step towards
quantitative analysis of the biomechanic situation at the aortic
root after transapical aortic valve implantation, we present a
spline-based method for reconstruction of the implanted stent
from CT images and for locally measuring the deformation of
the stent.

I. INTRODUCTION

Transcatheter aortic valve implantation (TAVI) has evolved
to be an important treatment option for high-risk patients
with severe aortic stenosis (AS) and has helped to reduce the
rate of untreated cases of AS [1]. Two devices are primarily
in use, the Medtronic CorveValve Revalving System (MCRS)
and the Edwards SAPIEN valve (ESV). A number of studies
on large national and international registries has proven
the efficacy of the method with respect to mortality in
comparison to standard medical treatment of inoperable AS
patients [2]–[4]. Besides vascular complications and other
rare adverse events, left ventricular conductive abnormalities
- mostly left bundle branch blocks (LBBB) and atrioventricu-
lar node blocks (AVB) - which require permanent pacemaker
implantation are documented in the context of TAVI.

Incidence of new pacemaker dependency after tran-
scatheter MCRS implantation is reported between 19% and
49% [4]–[8] (weighted mean 30% ± 7%) . Bosmans et al.
[4] directly compared clinical data from 141 MCRS and 187
ESV cases treated at ten centers in Belgium and reported
a significantly higher rate of new pacemakers in MCRS pa-
tients than in ESV patients (22% vs. 5%, p < 0.001). Several
baseline clinical parameters have been reported to correlate
with new pacemaker dependency after TAVI [5]–[7], [9]–
[12]. Besides valve selection, the following procedure-related
risk factors have been reported: valve sizing [11], [12],
insertion depth [7], [12], and balloon predilatation [11].
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Mechanical forces or strain induced on the interface be-
tween stent and tissue, in particular those in the vicinity
of the atrioventricular node or the left bundle branch, are
frequently named as an origin of observed AVBs and LBBBs
[10], [13]. Nevertheless, no study provided any quantitative
data on the magnitude of these forces. One reason for this is
that by now, there is no mechanism to measure these forces
or to estimate them based on biomechanical analysis.

The ultimate goal of our project group is to investigate
the biomechanical situation at the interface between stent,
tissue, and calcifications during and after TAVI. As a first
step, we present in this paper a Bezier spline based method
for reconstructing the shape of implanted MCRS stents from
postoperative CT images and measuring the deformation of
a MCRS stent in comparison to the (known) undeformed
shape of the stent.

II. MATERIALS & METHODS

The MCRS consists of a nitinol stent and leaflets man-
ufactured from porcine pericardial tissue. The superelastic
properties of nitinol allow crimping of the stent to a small
diameter for transcather implantation. During stent implan-
tation, a sheath is retracted from the crimped stent, allowing
it to unfold the leaflets inside the aortic root. Since the fully
unfolded stent would be larger than the diameter of the aortic
valve and the ascending aorta, the final shape of the stent is
constituted by a balance of forces between the elastic forces
from the stent trying to unfold and the surrounding tissues.

Fig. 1 shows the MCRS in a relaxed state and a volumetric
representation of a postoperative CT image acquired from
a patient after MCRS implantation. The aim of the pre-
sented work was to quantitatively describe the observerable
deformation between the relaxed state and the implanted
state. Like every spatial deformation, this deformation can
be regarded as an inhomgeneous transformation applied to
a vector space containing the stent. Based on a principal
continuity assumption, a reasonably dense sampled vector
field is regarded to be a feasible representation of this
transformation. Such a vector field is created by creating
surface models of the deformed and the undeformed stent,
registering both models, and measuring the displacement of
each surface point.

The MCRS stent has a scaffold-like structure which can
be described by a set of 300 s-shaped wires which connect
165 intersection points arranged in sets of 15 points, each
lying on one of 11 parallel circles of different radii. The
intersection points are denoted as pij ∈ R3 where i ∈
[0, 10] ⊂ N identifies the layer and j ∈ Z15 identifies
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Fig. 1. Medtronic CoreValve before (left) and after (right) implantation.
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Fig. 2. The 165 intersection points on the stent centerlines. Right image
shows indexing of points and curvelets in close-up view.

the position on the circle as shown in Fig. 2. The s-shaped
piece of nitinol which connects the intersection points on
layers 0 - 9 with their neighbours on the consecutive layers
are represented by a s-shaped polynomial curvlets sijk,
with k ∈ Z2, also shown in Fig. 2. In the following we
will describe the usage of cubic Bezier spline interpolation
to define these curvelets in a way which assures that the
resulting curves which run accross the intersection points
are continuous and continuously derivable. The definition is
made in a way which can be applied to the undeformed case
represented by the 165 intersection points in their default
position as well as to a deformed case represented by the
intersection points as they are localized in postoperative CT
images.

Based on third order Bernstein Polynomials B3
i (t) =(

3
i

)
ti(1− t)3−i a third order Bezier curve is defined by four

control points b0, ...,b3 ∈ R3: b(t) =
∑

i biB
3
i (t) [14].

Among others, the curve has two important properties:
• b(0) = b0 and b(1) = b3 (endpoint interpolation)
• b′(0) = b1 − b0 and b′(1) = b3 − b2 (end-tangent

interpolation)

A. Continuity Conditions

Across the 11 layers, the curvelets sijk are stiched to-
gether to splines sjk with k ∈ {0, 1} as follows: sjk ={
s0jk, s1j(k+1), s2jk, . . . , s10jk

}
. In order to come to a

smooth model of our stent, a control polygon for every
curvelet sijk is constructed according to these conditions:

s′ij0(0) = s′ij1(0) (c1)
s′ij0(1) = s′(i+1)j1(0) (c2)

s′ij1(1) = s′(i+1)(j−1)0(0) (c3)

B. Tangent Definition

The continuity conditions restrict neighbouring curvelets
to a mutual tangent at the intersections points where they
make contact. What is still missing is a heuristic to determine
a direction for this mutual tangent. For this purpose, we
need to take a closer look at the intersection points. In the
undeformed case, the points pij on each level i lie on one
perfectly planar circle Ci. The pij divide the circle Ci at
equidistant angles of 24◦ with a 12◦ degree shift between
neighbouring circles: α(2i)j = 24◦ ∗ j and α(2i+1)j =
24◦ ∗ j + 12◦, respectively.

On each circle Ci, an additional set of 15 target points
rij is generated by shifting the intersection points by 12◦.
We define the tangent tij in an intersection point pij to be
parallel to the connection of the target points r(i−1)j and
r(i+1)j for i ∈ [1, 9]. In the first (last) level, the tangents are
defined to point directly to the corresponding target point at
the second (second-last) level.

For the deformed case, the intersection points on one level
do not necessarily lie on a circle, nor are the angle between
neighbouring points with respect to any virtual circle center
necessarily equal on a level. What we assume instead is
that the points belonging to one level i lie on a reasonably
smooth cyclic curve, which can be approximated by a second
order Bezier spline ci that interpolates the intersection points
pij . The spline is stiched together from 15 quadratic Bezier
curves cij(t), t ∈ [0, 1] ⊂ R, which are designed to be
continuous and continuously derivable in the points pij . In
the style of the definition above, one can now calculate target
points rij = cij(0.5) for the deformed case and follow the
construction above to define the tangents needed to define
the Bezier curvelets sijk.

C. Construction of Control Polygons

Based on the assumptions and definitions stated above,
the control polygon of the curvelets sijk is constructed as
follows: Let b0 . . .b3 be the control polygon of one curvelet
sij0 with i ∈ [1, 9]. The endpoint interpolation property
tells us that b0 = pij and b3 = p(i+1)j . The end-tangent
interpolation property and the continuity conditions (c2) and
(c3) constrain b1 to the line b0 + λij ∗ tij and b2 to the
line b3 − λ(i+1)j ∗ t(i+1)j . With the Euclidian distances d
between the intersection points to the target points above and
below, we define

λij =
d(pij , r(i−1)j) + d(pij , r(i+1)j)

2
.

The control polygons and the resulting splines for a deformed
case are shown in Fig. 3.
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Fig. 3. Control polygons (above) and resulting splines (below) for a
deformed case.

D. Sampling and Wrapping of Splines

So far we have only discussed the generation of splines
which approximate the centerlines of the wires which form
the stent. To come to a surface model of the stent, we have to
add some flesh to these bones by wrapping the splines with
rectangular profiles. In order to do this, a slight adjustment
is required to the spline definitions first: Since the wires do
actually not intersect at the pij but rather touch each others,
the control points at the intersections and thereby the splines
themselves are moved away from each others by half the
thickness of one wire. These adjustment needs to be reflected
in the construction of the tangents and the control polygons,
making everything a bit more complicated but does not
change anything there in principle. With these adjustments
made, all curvelets are uniformly sampled and linearly inter-
polated between the sampling points. A rectangular profile
is then moved along each spline, defining four points on the
surface for every sample. For rendering purposes, a triangular
mesh strucuture is generated as the points are structured,
wrapping every wire in a waterproof shell of triangles. At
the intersection points, where two neighbouring wires come
close, the mesh topology is adapted in order to connect the
two wires. Finally, the two hooks at the distal end of the
stent are added to the surface mesh.

E. Rigid Registration and Deformation Mapping

The two sets of intersection points used to construct the
undeformed and the deformed model are by default not
spatially aligned. In fact, we chose the coordinate system
of the undeformed case so that the circle C0 lies in the
x − y plane with the origin at its center. The origin and
axes of the coordinate system in which the intersection

0 mm 11 mm0 mm 11 mm

Fig. 4. Displacement of model points visualized as vector field (green
lines, subsampled 1:100) and color-mapped magnitude.

points are defined are defined by the CT scanner used to
acquire the images in which the points were identified. As
a first means to compensate for this, Principal Component
Analysis is applied to roughly aling both models before
starting to compute the displacement between the models’
points and searching for a rigid registration which minimizes
this displacement.

The fact that both, the undeformed and the deformed
model, are constructed using the same algorithm, the point
correspondonce problem between both models is trivial.
Given the undeformed model Mu with surface points Pu =
{Pu0, . . . ,Pun} and the deformed model Md with surface
points Pd = {Pd0, . . . ,Pdn}, the displacement of every Pui

equals the vector Vi = Pdi −Pui.
With the pre-registration based on PCA as a starting point,

we iteratively search for a rigid registration to apply to the
deformed stent which minimizes the sum of squared dis-
tances over all surface points. After finding this registration,
the residual displacement of each point is taken as its actual
displacement as effect of the physical deformation of the
stent as it is visualized in Fig. 4.

III. ACCURACY

The first question asked to a reconstruction method as we
propose it, will always address its accuracy. As a ground
truth for the undeformed case, we acquired a micro CT scan
of a CoreValve stent under unloaded conditions, derived a
isosurface model from the images, and computed the point-
wise distance between this isosurface and our model. At
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Fig. 5. Point-to-surface distance of reconstructed model to isosurface
extracted from CT images. The missing parts, especially near the distal
end of the stent, lead to large local overestimation of modelling error.

average, this distance was 0.18 mm (±0.1mm), which is
well below the image resolution we can aquire from patients
and therefore regarded sufficient. For the deformed models,
the quality of the available ground truth was limited to the
image quality of the available postoperative patient scans.
The spatial resolution of these scans was 0.4 mm. The
partial volume effect which we encountered in the images
plus the image artefacts caused by calcifications resulted
in over- and undersegmentation artefacts in the reference
surfaces. This lead to overestimation of the modelling error,
as it can be seen in Fig. 5. Nevertheless, the resulting mean
errors over a sample of 7 patient datasets did not exceed
0.6mm (±0.3mm).

IV. DISCUSSION AND CONCLUSION

The presented approach to measuring the deformation of
implanted MCRS stents is a technical tool developed with the
aim to be used in clinical research which will be conducted
in subsequently. At present, we have applied the tool to
seven patient cases, in which we were able to show that the
extent as well as the pattern of deformation varies strongly
between patients and has a potential influence on the onset of
postoperative pacemaker requirement. We still have to learn
how these deformation fields can help us in the future to
understand the reasons for postoperative arrhythmia.

Future work will aim at correlating deformation patterns
and magnitudes with clinically documented complications
and at computation of the internal and external forces acting
on the stent and, in the case of the external forces, the
surrounding tissues based on the measured deformation.
In addition, the method could be used in the future as a
tool to evaluate simulation systems which try to predict the
biomechanics of stent implantation.
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