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Abstract. During endovascular aortic repair (EVAR) treatment, the
aortic shape is subject to severe deformation that is imposed by medi-
cal instruments such as guide wires, catheters, and the stent graft. The
problem definition of deformable registration of images covering the en-
tire abdominal region, however, is highly ill-posed. We present a new
method for extracting the deformation of an aneurysmatic aorta. The
outline of the procedure includes initial rigid alignment of two abdominal
scans, segmentation of abdominal vessel trees, and automatic reduction
of their centerline structures to one specified region of interest around
the aorta. Our non-rigid registration procedure then only computes local
non-rigid deformation and leaves out all remaining global rigid transfor-
mations. In order to evaluate our method, experiments for the extraction
of aortic deformation fields are conducted on 15 patient datasets from
endovascular aortic repair (EVAR) treatment. A visual assessment of
the registration results were performed by two vascular surgeons and
one interventional radiologist who are all experts in EVAR procedures.

1 Introduction

An abdominal aortic aneurysm (AAA) is an enlargement of the abdominal
aorta, resulting from weakened arterial walls. During Endovascular aortic repair
(EVAR), an aortic prosthesis (stent graft) is inserted via an introducer system
through one femoral artery into the aneurysmatic aorta excluding the aneurysm
sack from the circulation and reducing the pressure/strain on the aortic wall.

Organ deformation in general can be measured by non-rigidly registering the
preoperative to the postoperative CT scan [1]. In the case of abdominal aortic
aneurysms, however, this task is associated with several problems and challenges.
The overall deformation in the abdominal region includes breathing deformation
and specific motion of several organs, each different and not comparable. Hence,
true deformation fields of the aorta can only be obtained by registering segmenta-
tions of the pre- and postoperative structures. However, in contrasted CT scans,
a segmentation of the entire vessel tree may include regions that are again sub-
ject to different types of deformations. Additionally, the implanted stent graft
separates parts of the enlarged aorta from blood flow which would be computed
as a shrinking deformation by the registration algorithm. As we are interested



Non-rigid deformation fields 77

in the true deformation of the aorta, our method has to narrow down the vessel
tree segmentation to a region of interest around the aorta and also eliminate any
additional information such as shrinking and rigid body transformations due to
different patient positioning.

We propose a method for extracting specific deformation of the aorta dur-
ing and after EVAR. It segments both preoperative and postoperative aortic
structures with minimal user interaction and automatically extracts the region
of interest around the aneurysm. To this end, the centerlines of both structures
are extracted and reduced to the region of interest around the aorta. After an
initial rigid registration, non-linear registration of the structures provides pure
deformation fields of the aorta. Our method was tested by evaluating 15 datasets
of patients that were treated by EVAR.

2 Materials and methods

2.1 Rigid registration

A rigid registration problem can be formulated as the maximization of a simi-
larity measure using image information over a possible range of transformation
parameters:

Topt = arg max
T

D1(IF ,T ∗ IM ) (1)

where IF and IM are the fixed and the moving volume respectively, T a rigid
transformation matrix and D1 a certain similarity measure that is to be maxi-
mized. As our two CTA volumes contain severe dissimilarity introduced by the
high intensities of the stent graft, an appropriate similarity measure needs to
be chosen carefully. Given a segmentation of the stent graft, the adapted nor-
malized cross correlation (A-NCC)[2] measure only evaluates those voxels that
are not part of the segmentation. In our case, a rough segmentation of the
stent graft can be easily extracted from the postoperative scan by thresholding.
The resulting optimal transformation Topt that maximizes A-NCC, describes
the overall rigid body transformation. For our following explanations, we set
IM := Topt ∗ IM .

2.2 Segmentation and preprocessing

We segment the contrasted vessel tree out of the preoperative as well as the post-
operative volume using the connected threshold segmentation method provided
by ITK1. Given this segmentation S of the abdominal vessel tree and a point bif
for the aortic bifurcation, topological thinning is processed onto S resulting in a
centerline structure C for the entire abdominal vessel tree. Then, the root seed
of the aortic centerline is calculated. Here, the biggest connected component
of segmented pixels in the first slice of the segmentation image is computed by
counting neighboring pixels of value other than 0. The centerline voxel nearest
1 Insight Toolkit, http://www.itk.org
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to the center of mass of the biggest component (assumed to be the aortic lu-
men) is then taken as seed point. In order to further narrow the information
down to the region of interest around the aorta, the centerline structure C is
processed by an adapted wave front propagation algorithm. It adapts the wave
propagation approach of Zahlten et al. [3] by stepping down the aortic center-
line from a given seed point seed in region growing manner until the indicated
bifurcation bif is reached. At all other bifurcations, our algorithm automatically
finds the path belonging to the aorta by comparing the different angles between
the connecting parts. The aortic path usually continues in the direction that
forms the smallest angle with the previous direction. The branching paths are
included into the aortic centerline data only up to the next bifurcation respec-
tively. Thereby, we ensure a fully three-dimensional tree structure T which can
be used to cover a full transformation including rotation. Finally, we compute a
Danielsson distance map [4] D on the reduced centerline data.

2.3 Non-rigid registration

The preprocessing steps narrow down the scatter of the abdominal vessel tree
to one centerline including the aorta and small parts of all branching vessels.
We can now employ a non-rigid registration in order to obtain the deformation
of the aorta. Non-rigid registration consists of deforming a source image IM to
best match a target image IF . Using similar formulation as before, this can be
expressed as

Vopt = arg min
V
E(IF , IM ,V) (2)

There energy functional E is defined as

E(IF , IM ,V) = D2(IF ,V + IM ) + αS(V) (3)

Here, V = {Vx,Vy,Vz} gives the deformation or displacement field that warps
image IM . D is a certain distance or dissimilarity measure and S a certain
diffusion regularization term which ensures smooth resulting deformations, by
penalizing high gradients of the displacement fields. The positive scalar α con-
trols the influence of the regularization terms. In order to define the dissimilarity
measure D2 for centerlines, correspondences of pre- and postoperative centerline
points are required. Except of the bifurcation points, it is highly costly to es-
tablish correspondences for the other points on the centerlines. We avoid the
necessity of correspondences by computing distance maps DF ,DM on the re-
duced centerline images and computing the sum of absolute differences

D(DF ,V + DM ) =
∑

x

|DF (x)−V + DM (x)| (4)

as dissimilarity measure. As smoothing term for the energy functional (3), we
use diffusion regularization[5].

With initial rigid registration and final non-rigid-registration, we have ob-
tained the linear and non-linear part of the overall transformation of the ab-
dominal aorta. However, according to Zikic et al. [6], deformation fields that



Non-rigid deformation fields 79

are computed by a local nonlinear registration algorithm, still contain a linear
transformation Tlocal = Tlinear ◦Tnonlinear. In order to obtain a pure non-linear
deformation field, the authors suggest to minimize the norm of the displace-
ment field V of the nonlinear component Tnonlinear with respect to the linear
transformation Tlinear.

min
p
E(Tlinear) = min

p

1
n

n∑

i=1

‖ Xi −T−1
linear(Yi) ‖2 (5)

where X defines a control point grid of size n over Tglobal(IM ) and Y = X + V
presents the deformed control point grid. As we are only interested in the defor-
mation of the aortic shape, the optimizer needs only to evaluate those displace-
ment positions that belong to the aorta. Once the optimal linear transformation
Tlinear is computed, we obtain the corresponding minimal displacement field by

Vminimal(X) = T−1
linear(Y)−X (6)

3 Results

Experiments have been conducted on 15 patient datasets each consisting of one
preoperative and one postoperative CT angiography (CTA) scan. All images
were acquired by a Siemens Somatom Sensation 64 scanner at our partner clinic.
The reconstructed image resolution is 0.54 x 0.54 x 1.00 mm.

As we deal with real medical images, there is no ground truth data available
that could be used for the assessment of the registration accuracy. Therefore,
we reconstruct centerlines out of the deformed distance maps and evaluate these
to the preoperative and postoperative lines. Next to a visual evaluation of the
registration error, we choose to use the euclidean distance between the centerlines
before and after non-rigid registration.

Table 1 shows the evaluation results. For each of the 15 datasets the initial
distance and final distance each presented by their maximal and mean value. Ad-
ditionally, the initial and final values for the mean µ, variance σ2, and standard
deviation σ over all datasets are given. Our method results in reduced values
(final distance) for the distance in between the respective shapes. This states
that the deformed centerline fits better to the entire shape of the postoperative
centerline after non-rigid registration.

The visual assessment of registration accuracy was performed by three ex-
perts from our partner medical centers (two interventional radiologists and one
vascular surgeon). They were asked to evaluate four different visualizations of
the non-rigid registration results and compare these to visualizations given by
existing rigid registration frameworks [2]. All experts found our visualizations
as highly beneficial for assessing and quantifying the aortic deformation. In
contrast to the vascular surgeon to whom the branching vessels were of no im-
portance, the interventional radiologists were also interested in the accuracy of
especially the renal arteries as these are often included within the stent graft
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Table 1. Evaluation results

initial distance final distance bifurcation distance

max mean max mean bif1 bif2 bif3 bif4

Dataset 1 11,56 3,46 5,22 1,14 6,91 - 6,90 5,45

Dataset 2 14,13 5,41 4,35 1,41 4,97 3,29 7,08 12,90

Dataset 3 29,68 5,27 6,77 1,50 2,89 3,99 4,39 11,61

Dataset 4 15,46 4,17 2,15 1,32 5,45 4,69 3,67 5,45

Dataset 5 16,96 5,41 4,73 1,14 10,32 9,92 7,37 3,38

Dataset 6 10,35 4,46 3,42 1,31 1,02 2,33 4,50 12,84

Dataset 7 11,21 4,27 4,11 1,60 12,45 11,10 11,13 5,92

Dataset 8 12,26 4,17 3,10 1,32 3,06 5,48 4,32 20,32

Dataset 9 17,44 4,46 3,56 1,24 15,78 12,95 11,52 3,05

Dataset 10 19,91 3,41 4,05 1,41 14,10 10,09 9,64 4,12

Dataset 11 26,00 5,27 7,41 1,50 13,77 10,14 10,58 2,43

Dataset 12 15,60 3,17 2,09 1,22 5,09 7,55 6,32 8,88

Dataset 13 9,55 3,46 4,45 1,14 3,01 4,99 4,12 13,83

Dataset 14 16,22 5,11 4,07 1,51 1,45 4,50 3,77 9,82

Dataset 15 13,08 5,27 3,10 1,50 3,78 6,32 4,51 10,74

µ 15,96 4,45 4,17 1,35 6,93 6,97 6,65 8,68

σ 5,66 0,81 1,47 0,15 4,99 3,34 2,83 5,06

σ2 32,01 0,66 2,17 0,02 24,92 11,17 8,03 25,61

as side branches. However, as our approach highly concentrates on the aortic
trunk and only takes small parts of branching vessels into account for rotational
orientation purposes, branching vessels might not be accurately aligned.

4 Discussion

In this paper, we address the challenging task of extracting the intraoperative
aortic deformation out of pre- and postoperative CT scans. We believe due
to constraining the given image information to the region of interest around
the aorta, it is possible to only extract aorta specific displacement fields. The
method was successfully tested on 15 datasets of patient that had been treated
by EVAR in the abdomen.

In the near future, we plan to optimize the non-rigid registration algorithm
by establishing correspondences in order to give branching and bifurcation points
more weight. Moreover, we intent to apply this method to preoperative CTA
and intraoperative rotational angiography volumes in order to display electro-
magnetically tracked catheter positions within a combined volume.
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