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ABSTRACT

The thoracic aorta is an anatomical structure that is subject to
constant motion. Stent-grafting changes the deformation pat-
terns on the vessel surface, and the nature of these changes is
suspected to correlate with treatment outcome. However, they
are currently only poorly understood. We propose a method
for quantifying the changes in vessel motion caused by stent-
grafting in the aortic arch. For this, we automatically build
a surface model of the vessel and its movement from gated
computed tomography sequences that depict the deformation
of the thoracic aorta during the cardiac cycle. We reconstruct
trajectories corresponding to the displacement of a dense sam-
pling of the vessel surface. From these, we construct a man-
ifold of vessel motion patterns. Models acquired before and
after stent-grafting are registered and we analyze the changes
to the deformation in the embedding space. Results for four
clinical cases indicate that the local density in the embedding
space is a marker of local deformation complexity, and sites
of potential complications.1

Index Terms— vascular imaging, treatment outcome,
manifold methods

1. INTRODUCTION

Understanding the changes that are caused by vascular inter-
ventions such a stent-grafting is crucial for risk assessment
in the individual patient, and for understanding the effects of
device designs. Among other approaches the task of quan-
titatively determining the effects of vascular interventions
is commonly performed via patient-specific Computational
Fluid Dynamics (CFD) studies [1]. Commonly, the only dy-
namic taken into account by these models is the interaction
of blood flow with the simulated vessel. While this simpli-
fication holds for most vessels in the human body, it is not
a viable assumption for the thoracic aorta that is subject to
strong movement due to its closeness to the heart. Interven-
tions in that region are amongst the most complicated and

1This work was partly funded by the OeNB (13497, AORTAMOTION),
the European Union (257528, KHRESMOI), and the Austrian Sciences Fund
(P 22578-B19, PULMARCH).

potentially hazardous and therefore call for detailed observa-
tion.

We propose a method to analyze the effects of stent-
grafting on global and local deformation patterns of the aorta.
To obtain a metric that reflects the often subtle changes to
the motion trajectories, we learn a manifold of vessel motion.
In this manifold we detect localized changes, and measure
how properties such as motion coherence are affected by the
implant.

1.1. Related Work

Motion analysis is an active area of research in computer vi-
sion. It has been applied most notably to human pose and
motion recognition in the context of surveillance and enter-
tainment applications [2]. The approaches used for this class
of problems range from task-specific explicit models to purely
data-driven methods. A common way for describing the com-
plex space of natural motion is by assuming that the observed
data lies on a low-dimensional manifold embedded in a high-
dimensional space [3]. For a recent exhaustive overview of
the field, see [4].

Motivated by the application to coronary arteries, the
study of vessel movement however has largely been lim-
ited to analyzing the deformations of vessel centerlines in
Euclidean space [5]. In these applications, scalar values de-
scribing vessel movement and the induced strain are derived
from temporal radiographic imaging techniques. In more re-
cent work the vessel surface is considered [6, 7] which forms
a precursor to the present paper.

In this paper, we propose to apply dimensionality reduc-
tion methods to the problem of vessel movement. We first
describe the proposed manifold method in detail in section 2.
We then apply it in section 3 to 4 clinical cases to show the
effects of stent-grafting in the aortic arch. A discussion of the
results concludes the paper in section 4.

2. A MANIFOLD OF VESSEL MOTION

For each patient, we extract the motion of the aorta surface
from pairs of Computed Tomography Angiography (CTA) se-
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quences acquired before (S) and after the intervention (T ).
The trajectories of a dense sampling of the vessel surface are
used to build a manifold of vessel motion or motion vocab-
ulary. It allows for a comparison of motion patterns and a
quantitative assessment of changes caused by the stent-graft.
We show how this embedding reflects the effects of stent-
grafting and could be used for follow-up assessment of that
and other interventions.

2.1. Extracting Vessel Motion

For each patient we obtain a pair of ECG-gated CTA se-
quences. In the following, S denotes the sequence acquired
before and T that after implantation of a stent-graft in the
aortic arch. Each sequence consists of n retrospectively re-
constructed volumes or frames {F 1 . . . Fn}. In all discussed
cases, n = 10. Across acquisitions, each frame corresponds
to the same phase in the cardiac cycle. The patients are in-
jected with 110ml Iomeron 400 to enhance the contrast in the
vessel lumen.

2.1.1. Registration

For each sequence, pair-wise Free-Form Deformation (FFD)
[8] with Sum of Squares Differences (SSD) as similarity mea-
sure is used to register the first frame to all remaining frames
in a sequence. This defines a series of deformation fields
{Si = F 1 → F i, i = 2 . . . n} and {T i} corresponding to
all frames in the sequences S and T respectively.

2.1.2. Segmentation

The contrast agent in the patient’s blood allows the segmen-
tation of the lumen of the aorta in the first frames of S and
T using a level-set method [9]. From the resulting 0-level
set of each segmentation, we compute sets of surface vertices
VS = {v1, . . . ,vk} and WT = {w1, . . . ,wl} respectively.

2.1.3. Matching Pre- and Post-Intervention Surfaces

To be able to compare vessel movement before and after
stent-grafting, corresponding surface sampling points in S

and T are required. We obtain them by computing a mapping
Θ (VS ,WT ) = VT between the surface point sets in the
first frame of the two vessel models using non-rigid Coherent
Point Drift (CPD) registration [10]. Θ is computed by opti-
mizing the parameters of a Gaussian Mixture Model (GMM)
with initial centers VS to fit WT . This results in a new set
of sampling locations VT , where each point vi,T in T cor-
responds to a position vi,S in S. Consequently, the number
of model points � {vS} = � {vT } = k is equal. For the cases
presented in this paper, k ≈ 1000.

2.1.4. Vessel Motion Trajectories

Having computed corresponding static surface models VS

and VT and the series of deformation fields
{
Si

}
and

{
T i

}

allows for the extraction of trajectories of local regions of the
aorta in S and T respectively. For this, we aggregate the dis-
placement at the model points VS over time through

{
Si

}

as Vi
S = Vi−1

S + Si−1(Vi−1), i = 2 . . . n,V1

S = VS . The
same procedure is applied to

{
T i

}
with V1

T = VT . This
results in sets of pairwise corresponding trajectories P =
{V1

S . . .Vn
S} and Q = {V1

T . . .Vn
T }. We fit a smoothing

spline to each trajectory pj ∈ P and qj ∈ Q and resample
it at the same resolution n. The matched trajectories are thus
related by

(pj ,qj)
pj ,qj ∈ R

3n (1)

where j = 1 . . . k is an index over all sampling points.

2.2. The Intrinsic Space of Vessel Motions

Instead of directly using their Euclidean distance, or other a
priori chosen features, between trajectories, we learn a space
that represents the variability of the observed deformation.
We compute a joint embedding Ψ of the trajectories pj and
qj representing the movement of the thoracic aorta in a d-
dimensional space (d < 3n). The rationale is that while the
Euclidan distance between trajectories is sensible if they are
similar, it is far less informative for trajectories that differ
strongly.

By testing for the portion of the data explained by an em-
bedding in a given dimension a value for d can be estimated.
In order to limit the influence of noise to the process we chose
d = 6 which we found to be the lowest dimensionality able to
account for 99.95% of the variability in the data in all 4 cases.

2.2.1. Building the Manifold of Vessel Motion

We employ a local embedding method (Locally Linear Em-
bedding - LLE [11]) to compute the embedding. In order to
remove the information of location in space, each trajectory is
centered around its center of gravity. The resulting manifold
M consists of points αj and βj and can be described as

M = Ψ ({pj |j = 1 . . . k} ∪ {qj |j = 1 . . . k})

Ψ : R
3n �−→ R

d

pj �→ αj = Ψ (pj) ,

qj �→ ωj = Ψ (qj)

(2)

2.2.2. Structure of the Manifold

As can be seen in equation (2), the embedding of the trajec-
tories p and q is computed jointly without information about
their provenance from S (Mα) or T (Mω). Nonetheless, this
paired structure is present in the embedding space as

M = Mα ∪Mω

� {Mα} = � {Mω} = k
(3)

789



2.3. Evaluating the Effects of Stent-Grafting

The manifold M represents the information about the defor-
mation of the aorta in a compact manner. Changes induced in
the movement of the vessel can be observed and described in
that space. We propose to describe changes in the local mo-
tion properties using the local density in the embedding space
at the positions of the trajectories.

Similar trajectories lie closer on the manifold than differ-
ing ones. Regions with high density in the embedding space
therefore correspond to clusters of similar, coherent motion.
As the implanted stent-graft tends to move more rigidly than
the surrounding tissue, we expect to find the sampling points
corresponding to the stented area to lie closer together on the
manifold after the intervention than before.

3. RESULTS

We apply the proposed method to 4 clinical cases in which
a stent-graft has been implanted in the aortic arch following
supra-aortic rerouting [12]. To allow for an easier interpre-
tation of the results, we plot the measurements on the vessel
wall in a 2D representation where the vessel surface has been
unfolded radially following the vessel centerline.

The change in density at the model points in the embed-
ding space, along with its minimum, maximum and median
along the vessel centerline is shown in Figure 1. The densi-
ties have been computed via kernel density estimation using
case-specific kernels. The anisotropic kernel sizes are chosen
automatically and vary with the estimated standard deviation
in each dimension of the embedding space. We use only Mα

to estimate the density for the pre-intervention points α, while
Mω is used to estimate the density for ω. In order to allow
intra-case comparisons, the differences have been normalized
by the respective mean densities of Mα.

3.1. Observed changes in subspace density

The mean change in embedding space density in the stented
part of the aorta is 0.05 for case 1 and -0.29 in case 2 (see Fig-
ures 1a and 1b). In both cases, the low values at the beginning
of the stent near the aortic valve indicate an inhomogeniza-
tion of the vessel movement in that area. This behavior was
expected and can be explained by the influx of blood into the
wider opening of the stent as well as the different properties
of the vessel wall and the stent-graft.

The changes in vessel movement in cases 3 and 4 (Fig-
ures 1c and 1d) exhibit a starkly different characteristic. In
both cases a substantially longer stent-graft was implanted,
that was positioned closer to the heart. Case 3 shows an over-
all increase in embedding-space density in the stented region
of 2.43 while that of case 4 is 1.45. The homogenization is not
limited to the stented area in these cases. In fact, the whole
of both vessels are indicated to move more coherently due to
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Fig. 1: Changes in densities of the embedding spaces of the
4 presented cases, along with their minima, maxima and

medians in circumferential direction along the vessel
centerline. The stent-grafts are indicated by continuous

(closer to the aortic valve) and dotted lines.

the intervention. Also, no decrease in motion coherence at the
beginning of the stent-graft can be observed.

3.2. Influence of stent-graft size

We hypothesize that the observed behavior is due to the rel-
ative length and placement of the prosthesis. Because the
stented area begins closer to the heart in both cases 3 and
4, the direction of the upper part of the stent is more in line
with the general direction of blood flow. These factors seem
to influence the effects of the intervention. Figure 2 shows the
change in embedding-space density in all 4 cases (left axis),
along with the relative portion of the aorta that was subjected
to stent-grafting and the relative position of the prosthesis in
the vessel starting from the aortic valve (right axis). It illus-
trates that the density change characteristics correspond to the
two classes of prostheses positions and lengths (cases 1 and 2
vs. cases 3 and 4).

The increase in embedding-space density is higher when
more than 50% of the thoracic aorta have had to be supported
by a stent-graft and it lies closer to the heart. Quantitatively,
the correlation between mean change in embedding space
density of points corresponding to the stent-graft and the
relative location of the beginning of the stent is -0.98. The
correlation of the proposed density measure with the relative
length of the stent is 0.91.

These observations indicate a relationship between the
mobility of the aorta and the length and location of the stented
area. The relationship becomes quantifiable by the measure-
ments based on the motion manifold.

790



Case 1 Case 2 Case 3 Case 4

−2

−1

0

1

2

3

4

5

C
ha

ng
e 

in
 s

ub
sp

ac
e 

de
ns

iti
es

0

50

100

stent length (% of thoracic aorta)
stent start (% of thoracic aorta)

Fig. 2: Comparison of the changes in density of embedding
space in the stented area of the aorta in the 4 presented cases
(left axis) along with the length and start of the stent relative

to the length of the pictured aorta.

4. CONCLUSION

In this paper, we introduce a method to describe the motion
of the thoracic aorta and changes caused by treatment. The
basis of the measurement is a manifold learned from the data
that represents local vessel movement. We use the manifold to
quantify effects of stent-grafting in the highly dynamic region
of the aortic arch onto vessel movement.

Initial results indicate that the proposed motion vocabu-
lary holds valuable information about differences in vessel
movement. The density of the embedding space of the man-
ifold can be used to assess the influence of stent-grafting on
the motion of the aorta. While the available sample size of
4 cases is relatively small, our results give a clear indication
of the influence of the length and position of the prosthesis
on the effect of the intervention. The observed fine-grained
patterns observable via the manifold metric motivate the use
of the proposed method to assess the movement of the aorta
in greater detail than a Euclidean metric on the trajectories.
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