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Abstract. Stent size selection and placement is one of the most challenging steps in the treatment of pulmonary artery stenosis, especially
for pediatric patients with smaller vasculature. The goal of this study
is to visually simulate stent placement and deployment, to assist the
physician in choosing an appropriate stent length and placement. First a
3D model of the pulmonary artery is segmented from a preoperative CT
scan. Second, a 3D stent model is scaled and aligned automatically at the
stenosis’ location using a modified cylindrical affine transform. Finally,
the optimal stent size and placement are solved using a hill climbing
optimization scheme, to find the best outcome in the vicinity of the
stenosis. Validation of the proposed approach has been conducted using
annotated X-ray angiography acquired before and after stenting. Results
show an improvement of the vessel volume ranging from 0.10% - 3.33%.
This study is promising for preoperative planning before stenting.

Congenital Heart Defects (CHD) are the most common type of birth defect and occur in 0.5 - 0.8 % live births a↵ecting 1.5 million children worldwide
[1]. Pulmonary stenosis is encountered in 10% of patient a↵ected by another
CHD. Children with mild to moderate stenosis will usually be asymptomatic.
Moderate stenosis can be addressed through the use of cardiac catheterization
[2]. In severe cases a non-operative procedure called angioplasty is performed.
With the aid of a catheter, a balloon is led to the area of stenosis, inflated to
widen the narrowed artery and then deflated and removed. Inserting a stent to
prevent restenosis and improve the patient clinical output is recommended[3].
Choosing a wrong size for the stent has serious consequences for the patient’s
health. Overexpansion may cause rupture whereas too small stents will have to
be replaced by larger ones in future interventions. The correct stent size determination is even more important in paediatric cases as the artery lumen is
significantly smaller than in adults’ arteries. In the past, several algorithms for
automated computer-aided detection of stenosis have been developed and their
performance has been evaluated [4]. However, these algorithms only indicate the
stenosis location and do not show the deployment of a stent at this position.
Other studies show the stent deployment. In [5] it is simulated with a geometric
model overlaid with a simplex mesh. In [6] the virtual deployment of pipeline
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flow diverters in cerebral vessels has been presented using a general right cylinder
model. The stent only inflates until it touches the vessel wall and does not consider the vessel expansion simultaneously with the stent. Another approach is to
use more complex models like an active contours model [7] or finite element modelling (FEM) which has been very insightful for stent design and performance
optimization of stent positioning. A comprehensive review of FEM methods for
stent placement and deployment is available in [8]. Unfortunately, FEM simulations are computationally intensive and therefore not suitable, as of today, for
real-time, interactive simulation on a particular patient geometry. In addition,
the boundary conditions have to be explicitly formalized before the simulation
to ensure proper convergence. This study presents a novel lightweight framework
to visualize the stent placement and deployment in pulmonary arteries of young
patients a↵ected by CHD with a simple geometric formulation using personalized
geometries segmented from preoperative CTs. An automatic placement method
to simulate successively di↵erent scenarios and suggest to interventional cardiologists the optimal placement are proposed (cf. Figure 1). In this paper, first,
the manual segmentation of the pulmonary artery is presented, followed by the
description of the initial stent placement and the geometric deployment. Next
the optimization process is explained. Subsequently, the results are presented
and the paper ends with a short concluding section.
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Fig. 1. Automatic stent placement and position optimization workflow.
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1.1

Methodology
Segmentation of the pulmonary artery from CT

The artery models are acquired by segmentation of CT scans using TurtleSeg
software (http://www.turtleseg.org/). The artery contours are manually traced
on several 2D slice planes in arbitrary views, constraining the contour in the
desired view, as illustrated in Figure 1 (left). A livewire segmentation assists
the contour identification by snapping to the pixels with the most prominent
edge response. The segmentation accuracy is iteratively improved by tracing
contouring planes suggested by the software that contain regions of maximal
segmentation ambiguity [9][10].
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Fig. 2. Segmentation of the pulmonary artery from CT. Left: Manually traced contour
on 2D slice plane. Middle: 3D Livewire segmentation with traced contours. The blue
contour is the contour from the slice on the left. Right: The segmented artery.

1.2

Initial Stent Placement

During the stent angioplasty the stent is brought forward into the artery on a
guidewire up to the stenosis location and bends according to the guidewire’s
curve. The artery centerline is extracted using a parallel homotopic thinning
algorithm [11]. Outliers are deleted manually, a smoothing spline is applied and
the points are interpolated at fixed distances with a parametric spline [12], resulting in a smooth centerline with equally spaced points. The stent is modelled
as a 3D cylinder generated as a set of circles following Arora et al. [13]. For the
visualization, a stent geometric model is mapped onto the 3D cylinder.
To find the stenosis location where the stent should be placed, the lumen
of the artery is estimated. The closest centerline point cai to each artery point
aj is determined, sets of artery points aj belonging to each centerline point
cai are formed and the mean of the distances of all points aj belonging to the
corresponding centerline point cai are taken. The index of the artery centerline
point cai with the lowest average distance is selected as the stenosis index is
defining the centre ais of the stenosis. To omit unnecessary computational e↵ort,
the computations are only performed with the part of the vessel that possibly
holds the stenosis, ignoring e.g. other branches of the artery.
Now, the stent is scaled to its initial size, translated to be centered around
the stenosis location and bent according to the centerline’s curve (cf. Figure 3).
To place the stent in the center of the artery, the stent’s centerline has to match
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Fig. 3. Initial alignment of the stent at the location of stenosis.
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the artery’s centerline, thus the point sampling of the stent’s centerline is chosen
according to the artery’s centerline. The stent points are divided into sets based
on their proximity to the centerline. The sets are successively rotated by the
angle ✓ around the normalized direction vector P with the corresponding closest
centerline point cai as origin:
✓ = arccos

A · Ti
and P = A ⇥ Ti ,
kAkkTi k

where A is the normalized vector along the initial stent centerline and Ti is the
tangent to the artery’s centerline point cai . After bending the stent according to
the artery’s centerline, it is translated to be placed inside the artery.
1.3

Geometric Stent Deployment

After initial alignment the stent is expanded stepwise to widen the artery. The
stent’s foreshortening property is taken in account. The foreshortening parameters describe the percentage by which the length of the stent decreases from
its crimped state to its deployed state. The value is given in the manufacturer’s
specification sheet of each stent. The radial scaling parameter is dependent on
the expansion velocity and thereby, on the pressure applied by the inflating balloon and the artery resistance. In this project, an average linear velocity has
been acquired by analysing the angiographies of the stent insertions.
The vessel deforms with the expanding stent. After each iteration, the distance d from each artery point to the centerline is measured. If d is smaller than
the stent’s radius the artery point is mapped to its closest stent point. To avoid
unnecessary calculations, only artery points in the proximity of the stent are
considered, that is points belonging to the stent’s centerline with d < rref .
1.4

Optimization of the Stent Placement and Stent Size using Hill
Climbing Optimization

Stent placement and size selection is generally based on the physician’s experience. The previously described initial position of the stent might be suboptimal.
Since there might be a better solution next to the initial placement, a local search
is introduced to find automatically the best placement and size. The optimally
sized and positioned stent leads to the best vessel volume increase while being
short enough not to protrude into the artery (cf. Figure 4). The volume v of the
artery after expansion is maximized while keeping the expansion radius constant
and the stent length short. This can be formulated as the maximization of the
energy function:
E(i0 , im ) = arg max v , with v =
i0 ,im

m
X1
1 2
1 2
⇡r0 d + ⇡rm
d+
⇡ri2 d ,
2
2
i=1

where the volume is estimated by simplifying the artery to a model of stacked
cylinders (cf. Figure 5), where d equals the centerline spacing and ri are the
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Fig. 4. Arteries after deployment of stent. Dotted line represents the artery before
expansion. Left: Too long stent protruding into the artery. Middle: Too short stent
leading to rough edges. Right: Stent of optimal length and position.
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Fig. 5. Artery modelled as stacked cylinder.

average radii calculated for the corresponding centerline point. The volume is
maximized while keeping the expansion radius constant and the stent length
short using a local optimization approach. An optimization scheme based on hill
climbing algorithm is introduced to find the optimal placement in the vicinity
of the initial placement [14]. While other optimization approaches give equally
good results in maximizing the volume, the hill climbing algorithm is especially
convenient as it allows to keep the stent size in bounded values and the placement
in neighboring 3D positions. Thus, starting with the stent positioned at the midstenosis, the algorithm optimizes the stent position to find the local maximum
of the volume increase and thereby the locally optimal position in the vicinity
of the stenosis. The start and end indices i0 and im of the stent’s centerline are
the variables to change. After running the expansion once, the artery volume is
estimated, then first the expansion is performed for im = im ± 1 with i0 staying
the same. The new volume measurements are compared to the previous one. In
case of improvement, the index with the better improvement is taken over and
the optimization continues in that direction. If the volume remains constant, the
index closer to the stenosis is chosen, leading to a smaller stent. The optimization
is performed for indices i 2 im ± im 5 io . If the volume does not improve, the
current index is selected and then i0 is optimized in the same way.

2

Experiments and Results

Validation of the simulation was performed on 4 stenosis cases with datasets consisting of a CT scan acquired prior to the intervention and an x-ray angiography
documenting the deployment of the stent. In Table 1 the measurements obtained
with the 3D model are set in comparison to the measurements by the physician
on the angiographies during the intervention. For the comparison, the 3D model
has been manually aligned with the 2D image. Vessel foreshortening, occlusion
and the perspective e↵ect from 2D projection might explain the di↵erences of
0.27 - 0.99 mm in the measurements. A small change of orientation may change
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significantly the topology of the pulmonary artery in 2D. As the reference lumen
the lumen of the expanded stent measured by the physician in the angiography
is taken. It can be seen that the mean lumen acquired from the 3D model only
di↵ers 0.05 - 0.24 mm from it. For the evaluation of the optimization the algorithm was run with initial stent lumen, reference lumen and initial stent length
taken from the angiographies. In Figure 6, the percentage volume increase as
well as the stent position before and after optimization are compared and in
Figure 7 the angiographies together with the respective 3D models are given. It
can be seen that in the first case the physician’s choice is almost optimal, the
optimized position gives only 0.1 % better increase in volume. Opposed to that
in the second and third case a stent that is longer and placed further to the
right promises a significantly better volume increase. The fourth case shows the
situation where the optimization suggests a stent which is smaller but placed
slightly further to the right giving a better volume increase with a smaller stent.

Table 1. Stenosis and artery lumen measurements in mm in 3D and 2D before stenting
as well as reference lumen in 2D and mean lumen of the stented vessel part in 3D.
Case Stenosis Measurement Artery Measurement Reference
Mean
ID
2D
3D
2D
3D
lumen 2D lumen 3D
1
3.0
3.27
6.4
6.96
7.1
7.00 ± 0.72
2
4.4
3.47
8.4
4.97
8.3
8.35 ± 0.66
3
10.8
10.0
14.5
10.21
11.8
11.98 ± 0.38
4
8.4
7.41
15.1
13.07
9.5
9.74 ± 0.37

18.72
17.5617.66
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Fig. 6. Left: Percentage of volume increase before and after optimization. Right: Initial
stent position on the straightened centerline (dashed) before and after optimization.
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Fig. 7. From the top: measurements on 3D model before expansion, angiographies
with expert’s measurements before expansion, angiographies of the stented arteries, 3D
model with expanded stent at position chosen by physician and at optimized position.
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Conclusion

In this paper, a framework for geometrically simulating the stenting of the pulmonary artery in paediatric cases was presented. The system supports the physician in finding the stenosis location and choosing the correct stent type, size and
position and o↵ers a simulation of the vessel expansion. The model has been
validated with the help of angiographies of the stenting procedure as well as
the measurements taken by an expert. Further validation and the inclusion of
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a biomechanical model, the dog-boning e↵ect and the expansion to bifurcated
stents will be part of future works. Also, the stent rigidity and bending property
as well as an automatical 3D-2D registration for the alignment of the 3D model
with the 2D angiographies as proposed in [15] should be investigated.
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