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Abstract—The present study aims at expanding the knowledge
in the field of stent-graft behaviour in patients affected by thoracic
aortic pathologies, imaged before and after thoracic endovascular
aortic repair (TEVAR) with a 4D computed tomographic (CT)
angiography that allows time-resolved image visualisation. We
therefore developed an automatic tool to track the changes in
distensibility and elongation experienced by the aorta during the
cardiac cycle. The tool permitted to lower the work-load and
the variability during the measurements acquisition. Analysis of
geometric quantities leaded to some interesting findings; a major
observation concerns the fact that the thoracic aorta experiences
high aortic changes in both distensibility and elongation. Disten-
sibility was preserved or increased after TEVAR. Elongation was
not preserved after TEVAR in the segments covered with the
stent-graft, it instead increased in the segments proximal to the
stent-graft. Additional studies need to be addressed.

Keywords—4D computed tomography angiography, thoracic en-
dovascular aortic repair, thoracic aorta segmentation, 3D geometric
analysis

I. INTRODUCTION

The thoracic aorta experiences higher and more complex
forces during the cardiac cycle than the abdominal aorta and
thoracic aortic diseases can affect the functionality of this
complex structure. With its introduction, thoracic endovascular
aortic repair (TEVAR) has become the preferred treatment
modality for certain diseases, such as acute type-b aortic
dissection (TBAD) and thoracic aortic aneurysms (TAA).
Although its fast and increasing usage in endovascular man-
agement, TEVAR, with the deployment of a rigid stent-graft,
can lead to significant changes in biomechanical behaviour and
functionality of this vascular region [1] [2]. In fact, during the
cardiac cycle, the aorta undergoes a process of repeated stress
that may lead to arterial wall lesion and after deployment of
the stent-graft, to fracture or collapse of the graft itself. In
particular, a rigid stent graft structure within the native elastic
aorta could cause important complications like endoleaks and
retrograde/prograde dissections originating at the level of the
proximal or distal end of the stent graft [1] [3]. Therefore,
the analysis of pulsatile aortic changes, based on pre- and
post-operative medical dynamic imaging, might represent an
important tool for better understanding outcomes in TEVAR
patients. This study specifically aims at proposing a tool to
semi-automatically evaluate aortic elasticity in terms of both
distensibility - i.e., radial expansion - and elongation - i.e.,
longitudinal elongation - during the cardiac cycle in patients

with thoracic aortic disease managed with TEVAR. The tool
is applied to a dataset of two patients treated with TEVAR and
a healthy control patient.

II. MATERIALS AND METHODS

A. Patient dataset

In this work we consider a set of 4-dimensional (4-D)
computed tomography angiography (CTA) of the thoracic aorta
of two patients acquired before and after the TEVAR surgery
and of an healthy control patient, enrolled by the University
Medical Centre Utrecht, The Netherlands. The first patient
was a 53-year old female with acute thoracic type-b aortic
dissection (TBAD), the second patient was a 55-year old male
with ruptured TBAD, the healthy control patient was a 49-year
old female with no vascular pathology. Two stent grafts were
used in both cases. The interval from the TEVAR procedure to
the post-TEVAR dynamic CTA imaging was of 6 months. The
CTA scans were gained by a retrospective ECG-gated protocol
and were performed with a 64-row or 256-row multislice CT
system (Philips Medical System, Best, The Netherlands): a
three-dimensional scan volume was acquired at 8 equidistant
time steps, covering the entire cardiac cycle and providing
a 4D data set. The CT images are characterised by a pixel
spacing of 0.7×0.7 mm pre-TEVAR for all the three patients,
0.5 × 0.5 mm and 0.8 × 0.8 mm post-TEVAR respectively
for the first and the second patient and by a slice thickness
of 0.9 mm both pre- and post-TEVAR for the pathological
patients and of 1.5 mm for the healthy control patient. For
enhanced vessel contrast, each patient received between 90
and 150 mL of a non-ionic contrast medium (Iopromide,
Schering, Berlin, Germany), followed by a 60 mL saline chaser
bolus. Institutional Review Board approval was obtained for
the conduct of this study, and the board waived the need for
patient consent.

B. 4D image segmentation

We decide to adopt a segmentation technique based on
implicit models, in which the unknown scalar surface S (y, t) :
R2 × R+ → R3 is described as a distance function Φ(x, t) :
R3 × R+ → R whose iso-surface of level 0 is the 3D model
of interest, i.e. S(y, t) = {x| Φ(x, t) = 0} and
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Φ(x) =





−D(x) if x is inside S,
+D(x) if x is outside S,
0 if x ∈ S,

(1)

where D(x) = miny∈S({‖x− y‖}).
In our work we use the technique implemented in vmtk

(Vascular Modelling Toolkit) [20], in which the evolution of
Φ(x, t) is described by the equation:

Φt = −w1G(x) ‖∇Φ‖+ 2w2H(x) ‖∇Φ‖+ w3∇P (x) · ∇Φ
(2)

where the first term on the right hand side represents
surface inflation dependent on the speed given by G(x) =

1
1+‖∇I(x)‖ –I(x) representing image intensity–, the second
term controls the smoothness of the surface –H(x) the mean
curvature of the zero-level surface–, and the third term repre-
sents advection of the surface controlled by the vector quantity
P (x) = −‖∇I(x)‖. Weights w1, w2 and w3 guide the
influence of each term on the surface evolution. The level
set need to be initialised with an initial Φ0(x) = Φ(x, 0)
and then driven in its evolution by the evolving equation just
described. The adopted initialisation is the colliding front that
was proposed in the paper of Antiga et al. [20] for the specific
purpose of vessel segmentation. This initialisation requires
the user to put two seeds inside the vessel to be segmented.
The method computes the wave propagation from the two
seeds generating as zero level of Φ0, the surface enclosing
the vascular branch between the seeds. The first remark is that
for the initialisation of the thoracic aorta we need six to eight
colliding fronts initialisations. Moreover dealing with large 4-
dimensional dataset arises two major problems intrinsic to the
segmentation procedure: one related to the time consuming
operation of segmenting individually eight time steps for each
pre- and post-operatively dataset and the other related to the
user intra- and inter-variability, linked to the choice of the
seeds for each image. We therefore develop a method to avoid
those drawbacks in an intuitive manner, tailored on the thoracic
aortic shape. We decide to customise the initialisation step
changing a vmtk class in order to run directly with seven
seed points: the script performs a bunch of initialisations
looping from the first seed point to the last and vice versa.
Using seven seed points (red dots in Fig. 1) it is possible to
gather the level set of the entire aorta in one shot, leaving the
possibility to detail it better in subsequent steps, if necessary.
Once the initialisation is performed, equation (2) is evolved
with parameters w1 = 0.4, w2 = 0.4 and w3 = 1.0 in order
to obtain the level set representing the first time instant of our
4-dimensional dataset (Fig. 1, right side). Moreover we define
a new pipeline in order to automatise the segmentation of the
entire dataset starting from the level set of the first time instant.
In detail, the first level set is shifted of 1 mm inside the vessel
and used as initial level set for the subsequent time instant, for
which the evolution equation is run with the same parameters
w1, w2 and w3. This process is automatically repeated for each
time step allowing the reduction of the workload and the user
interaction. In Fig. 2 a representation of the segmentation steps
is depicted.

Fig. 1. Segmentation procedure. The user puts seven seed points on the
image (red dots) to initialise the aorta segmentation in one shot. Figure on the
left side depicts, on the image grid, the apposition of the seven seed points
and zero level of initial Φ0. Figure on the right side depicts on the image grid
the final zero-level of Φ(x) obtained with parameters w1 = 0.4, w2 = 0.4
and w3 = 1.0.

Fig. 2. 4D segmentation workflow: from the initialisation of Φ0(x) to the
generation of the 3D geometric model. We initialise Φ0(x) only for the first
time instant of the 4-dimensional dataset. Once the initialisation is performed
we let it evolves with parameters w1 = 0.4, w2 = 0.4 and w3 = 1.0. The
evolved Φ0(x) is shifted of 1 mm inside the vessel on the image grid and is
used as initial level set for the subsequent time instant.

C. Geometric analysis

Once the segmentation is performed for each time step, our
tool automatically computes the following quantities (see Fig.
3):

• area and diameters (minimum and maximum) of sec-
tions A, B, C, D, E and F.
Extensively, A: level of the sino-tubular junction
(STJ); B: 1 cm proximal to brachiocephalic trunk;
C: left subclavian artery (LSA), D: 10 cm distal to
LSA; E: 20 cm distal to LSA, and F: level of celiac
bifurcation;

• length L1, L2 and L3 of aortic arch between A and
B, B and C, C and F respectively;
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• total length L of the thoracic aortic arch from sino-
tubualar junction (section A) to celiac bifurcation
(section F).

To tackle our goal we used the concept of centreline of a
vessel, the computation of sections perpendicular to the vessel
centreline and the concept of bifurcations. The centreline is
computed using the method developed in vmtk and is defined
as the line drawn from the outer sections of a vessel that
locally maximises the distance from the vessel’s wall [10]. The
computation of the centerlines in our geometry requires to the
user the definition of seven seeds (one source and six target
seeds see Fig. 3, left), which are picked in our tool once for all
at the first time instant and afterwards piped to the subsequent
time instants. Centerline calculation output produces a bunch
of centerline one for each outlet. In our specific case we deal
with six centerlines (see Fig. 3, centre). Once the centerlines
are computed our tool allows to cut the vessel’s surface with
section perpendicular to the centerline itself and to compute the
area of every section. We exploit this feature to automatically
select the sino-tubular junction (section A in Fig. 3): first the
aortic root is cut from the valvular plane upward with 30
sections equally spaced of 1 mm. The area of each section
and its difference with the subsequent section is calculated,
returning the sino-tubular junction as the section where this
difference reaches a local minima. Centerline also allows the
definition of vessel bifurcations. In fact each centerline point
is associated to the radius of the maximum inscribed sphere
defined in that point: this means that we can construct a tube
around each centerline build from the envelope of maximum
inscribed spheres. In general, each two centerlines in a vascular
tree will mutually intersect the surface of the other centerline’s
tube. This region is defined as a bifurcation region [10]. The
tool identifies the celiac bifurcation (section F) as the point
where the centerlines referring to the descending aorta divide;
in a similar manner it identifies the brachiocefalic section, one
centimetre before the innominate artery bifurcation, and the
section just after the left subclavian artery (section B and
C). Sections D and E are easily defined at a fixed distance
of 10 cm along the centerline (see Fig. 3, right). Once all
the regions of interest have been identified (sections A, B,
C, D, E) the tool can easily calculate: area, minimum and
maximum diameter. The area is computed triangulating the
section of interest and then summing the area of each triangle
over the entire section. Minimum and maximum diameter of
every section is calculated as follows:

dmin(S) = min
x∈∂S

(max
y∈∂S

(dist(x,y))) (3)

dmax(S) = max
x∈∂S

(max
y∈∂S

(dist(x,y))) (4)

where x = (x, y, z), y = (x, y, z) are coordinates of
the points of the contour ∂S of the section S, and dist(·) is
the Euclidean distance. Finally, we define the length between
two sections as the length of the centerline. We perform this
computation exploiting the concept of curvilinear abscissa
defining the length between two generic sections S1 and S2

as:

l(S1, S2) =

∫ S2

S1

s ds (5)

where s is the curvilinear abscissa defined on the centerline
and s1 and s2 are the points of the centerline on the generic
sections S1 and S2. Lengths of the four regions of interest
are computed and classified as L (total length), L1 (ascending
aorta length), L2 (aortic arch length) and L3 (descending aorta
length) where the length of every segment is the length of the
centerline between section A and F, A and B, B and C, C and
F respectively (see Fig. 3). We calculate also three relative
quantities to track the changes in time experienced by the
aorta, such as relative Area Changes (AC), relative Diameter
Changes (DC) and relative Length Changes (LC) expressed in
percentage and defined as follows:

AC =
Amplitude(Area)

Avtime
(Area)

(6)

DC =
1
2 (Amplitude(dmin) +Amplitude(dmax))

1
2 (Avtime

(dmin) +Avtime
(dmax))

(7)

LC =
Amplitude(l)

Avtime
(l)

(8)

where:

Amplitude(X) = ( max
i∈ time

(X[i])− min
i∈ time

(X[i])) (9)

Avtime
(X) =

1

8

8∑

i=1

X[i] (10)

with X the vector containing the values of the computed
quantities (e.g., area, diameter maximum and minimum and
length) for the eight time instants. We remark that AC and
DC refer to distensibility of the aorta, while LC refers to
elongation. Finally we introduced a quantity called Mean
Shape, i.e., a dimensionless index ranging between 0 and 1; the
more the index is closed to 1 the more the section resembles
a circular shape. The Mean Shape (MS) is defined as follows:

MS =
Avtime

(dmin(S))

Avtime(dmax(S))
(11)

III. RESULTS AND DISCUSSION

A. 4D image segmentation

The results of 4D segmentation have been evaluated by
visual inspection. The procedure performed well for all the
three datasets.
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TABLE I. VALUES OF AC, DC, LC EXPRESSED IN PERCENTAGE FOR THE TWO PATIENTS (1 AND 2) PRE-TEVAR (PRE) AND POST-TEVAR (POST) AND
FOR THE HEALTHY CONTROL PATIENT (HEALTHY). A: LEVEL OF THE STJ; B: 1 CM PROXIMAL TO BRACHIOCEPHALIC TRUNK; C: LEFT SUBCLAVIAN

ARTERY (LSA), D: 10 CM DISTAL TO LSA; E: 20 CM DISTAL TO LSA, AND F: LEVEL OF CELIAC BIFURCATION. L: REGION BETWEEN A ND F; L1: REGION
BETWEEN A AND B; L2: REGION BETWEEN B AND C; L3: REGION BETWEEN C AND F. WE REMARK THAT OVERALL QUANTITIES DO NOT COMPREHEND

THE HEALTHY CONTROL PATIENT.

Patient AC DC LC

A B C D E F A B C D E F L L1 L2 L3

1
pre 13.0 5.3 7.5 8.0 4.7 7.4 8.3 3.5 4.4 4.5 2.5 4.2 1.4 4.8 8.2 1.4
post 9.1 5.5 5.9 19.6 10.4 15.4 7.5 3.7 4.5 11.6 12.0 7.5 1.6 5.2 13.1 2.4

2
pre 10.0 5.1 7.0 12.5 24.3 43.5 7.4 3.9 4.2 6.1 12.9 20.4 2.4 9.4 9.1 4.8
post 17.7 12.0 18.1 16.4 22.0 11.1 8.7 7.8 8.3 8.2 13.0 3.9 4.4 15.8 8.9 1.6

Healthy 12.3 6.1 7.4 8.1 10.1 7.0 9.1 4.7 4.3 5.3 5.7 3.4 3.2 9.6 9.0 2.2

Overall pre 11.5 5.2 7.3 10.3 14.5 25.5 7.9 3.7 4.3 5.3 7.7 12.3 1.9 7.1 8.7 3.1
Overall post 13.4 8.8 12.0 18.0 16.2 13.3 8.1 5.7 6.4 9.9 12.5 5.7 3.0 10.5 11.0 2.0

Fig. 3. Automatic geometric analysis. Left side depicts the 3D model with
numbered the seven seed points required to initialise the centerline. The figure
central to the panel depicts the 3D model and the six centerlines. The right
side of the panel shows the 3D model of the aorta with the six sections A-F
indicated: A, level of the STJ; B, 1 cm proximal to brachiocephalic trunk; C,
left subclavian artery (LSA), D, 10 cm distal to LSA; E, 20 cm distal to LSA,
and F, level of celiac bifurcation. The right panel shows also the centreline
subdivision into three regions: L1, ascending aorta (blue line, between sections
A and B); L2, aortic arch (green line, between sections B and C); and L3,
descending aorta (red line, between sections C and F).

B. Aortic Distensibility Analysis

The aortic diameter and area changes for all patients
pre- and post-TEVAR are shown in Table I. We may notice
(see Table I) that thoracic aorta distensibility is preserved or
increased after TEVAR in both the patients affected by TBAD;
changes in area and diameter are more evident in patient 2. In
particular, analysing patient 1, we can notice that before and
proximal to the stent-graft the distensibility is preserved: AC
changes from 13% to 9,1% in section A, from 5,3% to 5,5%
in section B and from 7,5% to 5,9% in section C; DC changes
from 8,3% to 7,5% in section A, from 3,5% to 3,7% in section
B and from 4,4% to 4,5% in section C. Instead in the stent and
post-stent regions the distensibility shows a high increase: AC
changes from 8% to 19,6% in section D, from 4,7% to 10,4%
in section E and from 7,4% to 15,4% in section F; DC changes
from 4,5% to 11,6% in section D, from 2,5% to 12% in section
E and from 4,2% to 7,5% in section F. This patient presents
pre-operatively a large circular thrombotic area that surrounds
the true lumen forcing it to move less. After TEVAR the
stent segment shows fine distensibility than the thrombotic pre-

operative aorta and this behaviour is well conveyed to the post-
stent region. Furthermore, analysing patient 2, we can notice
that before and proximal to the stent-graft the distensibility is
highly increased: AC changes from 10% to 17,7% in section A,
from 5,1% to 12% in section B and from 7% to 18% in section
C; DC changes from 7,4% to 8,7% in section A, from 3,9% to
7,8% in section B and from 4,2% to 8,3% in section C. Instead
in the stent and post-stent regions the distensibility shows less
increase or even it decreases; AC changes from 12,5% to
16,4% in section D, from 24,3% to 22% in section E and from
43,5% to 11,1% in section F; DC changes from 6,1% to 8,2%
in section D, from 12,9% to 13% in section E and from 20,4%
to 3,9% in section F. Patient 2 shows pre-operatively higher
distensibility than the healthy control patient, this behaviour is
confirmed by the values of AC and DC calculated in sections
D, E and F. After the stent deployment, this second patient,
shows a more compelled distensibility at the stent and post-
stent regions, likely to be induced by the stiffness of the graft.
This behaviour seems to be compensated by the regions before
the stent-graft that, instead, show an increased distensibility.

C. Aortic Elongation Analysis

The aortic length changes of L, L1, L2 and L3 for all
patients before and after TEVAR are shown in Table I. The
elongation at different segments and the percentage of stent
graft coverage are depicted in Fig. 4 and 5. The thoracic
aorta showed high aortic changes in length, most evident in
patient 2. Elongation was not preserved after TEVAR in the
segments covered with the stent-graft, it instead increased in
the segments proximal to the stent-graft. In detail for patient 1,
see Fig. 4, elongation in the aortic arch (segment L2) increased
from 8.2% to 13.1%; this observation, besides the fact that the
proximal landing zone of the stent-graft is in segment L2, can
lead to the conclusion that aortic length have to compensate the
stiffness induced by the stent-graft apposition forcing regions
before the stent-graft to elongate more. A similar, and even
more significant behaviour, is present in the second patient. In
fact elongation in the ascending aorta, segment L1, just before
the stent-graft increases from 9.4% to 15.8%. Instead, the stent
region, L3, shows a contraction in length changes from 4.8%
to 1.6% (see Fig. 5). This behaviour is in agreement with the
observations made for the distensibility.

D. Mean Shape

The mean shape results are depicted in Fig. 6 and 7 pre-
and post-TEVAR. We can sharply make some considerations;
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one is that patient 1, as Fig. 6 and 7 depict, has a circular
shape conserved also after TEVAR and this phenomena can be
due to the fact that preoperative thrombus confers a tube like
shape to the vessel. The second consideration concerns patient
2 to who, see Fig. 6 and 7, stent-graft deployment, interesting
section D, E and F confers a circular shape and homogenise the
index through all of the sections considered. For this patient
mean shape index changes from 0, 7 pre-operatively to 0, 9
post-operatively in sections D, E and F.

Fig. 4. Aortic length changes of L, L1, L2 and L3 for patient 1 before and
after TEVAR are depicted – left side – together with the healthy control patient.
The x axis carries information on the stent-graft coverage in percentage for
the different length segments. We remark (red circle) that elongation changes
in the aortic arch (segment L2) increased from 8.2% to 13.1%. On the right
side a figure enhancing the stent-graft proximal landing zone related to the
increased in elongation of L2.

Fig. 5. Aortic length changes of L, L1, L2 and L3 for patient 2 before and
after TEVAR are depicted – left side – together with the healthy control patient.
The x axis carries information on the stent-graft coverage in percentage for the
different length segments. We remark (red circles) that elongation changes in
the ascending aorta, segment L1, increases from 9.4% to 15.8%. Furthermore,
the stented region, L3, shows a contraction in length from 4.8% to 1.6% . On
the right side a figure enhancing the stent-graft region related to the increased
in elongation of L1 and the contraction of L3.

IV. CONCLUSION

The advancements in diagnostic imaging have enabled CT
angiography to be gated with electrocardiography (ECG) to
free images from cardiac pulsation artefacts, allowing recon-
struction of specific aortic segments. ECG gated CT allows
time-resolved image visualisation, adding a fourth dimension
(4-D) to this technology [11] [12]. The present study aims at
expanding the knowledge in the field of stent-graft behaviour
in patients affected by thoracic aortic pathologies. Our tool
can automatically segment the thoracic aorta and automatically
characterise its geometry and changes in time during the
cardiac cycle, lowering the workload and the intra- and inter-
variability, hence being reliable and precise. The tool has
performed well for all our patients highlighting interesting

Fig. 6. Mean Shape pre-operatively. Patient 1 shows a circular shape through
all the sections (A, B, C, D, E and F), instead patient 2 shows at the region
affected by the dissection pathology (D, E and F) a less regular shape (MS in
patient 2 equal to 0.7).

Fig. 7. Mean Shape post-operatively. It is worth noting that, comparing patient
1 and patient 2, the stent graft deployment (section D, E and F) confers to
those regions a more circular shape and homogenise the index through all of
the sections considered (MS in patient 2 always above 0.8).

findings that lead to the following conclusion. The thoracic
aorta showed high aortic changes in both distensibility and
elongation, most evident in patient 2 (see Fig. 5). Distensibility
was preserved or increased after TEVAR. Elongation was not
preserved after TEVAR in the segments covered with the stent-
graft, it instead increased in the segments proximal to the stent-
graft (see Fig. 4 and 5). This observation might potentially
have implications for stent-graft sizing, design, durability, and
related complications. Limitations of our study included the
low sample size. Additional studies with larger cohorts are
required to test our tool and therefore this study serves as a
base for future studies. Finally we remark that an analysis of
sensitivity to seed points selection could provide more insight
into accuracy and repeatability of the computations.
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