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ABSTRACT

Vascular diseases are getting more and more common as a result of modern-day lifestyle
and the fact that the population is getting older. One of the newest treatments for vascular
diseases such as aneurysms and dissections is endovascular repair with endografting. This
treatment uses a fabric covered metallic structure that is implanted using a minimally
invasive approach to serve as an artificial vessel in a damaged region. To ensure that the
interventions are successful, the endograft must be placed in the correct location, and
be designed to sustain the hostile biological, chemical, and mechanical conditions in the
body for many years.

To accurately describe the complex mechanical conditions of the intraluminal surfaces
of diseased blood vessels inside the body, this thesis presented a segmentation and
quantification methodology for a natural and intuitive vessel surface description. The thesis
also included some important clinical applications, all based on non-invasive temporal
imaging. The results emphasized the need for explicit surface curvature quantification, as
compared to relying solely on centerline curvature and estimation methods. Methods for
preoperative prediction of endograft malapposition severity based on geometric analysis of
thoracic aortic surfaces were introduced. Finally, a multiaxial dynamic analysis of cardiac
induced thoracic aortic surface deformation showed how a thoracic endovascular aortic
repair is affecting the deformations of the thoracic aorta.

Thus, the work presented in this thesis contributes by giving surgeons a tool to use
in their treatment planning to minimize complications. Moreover, this method provides
more nuanced boundary conditions so that endograft manufacturers can improve their
designs to improve the quality of life for the treated patients.

Keywords: Thoracic aorta, aneurysm, dissection, geometric modeling, stereolithographic
surface, surface curvature, TEVAR, endograft, bird-beaking, cardiac pulsatility
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Part 1
Extended Summary

1 Background

1.1 Introduction

As reported by the World Health Organization, cardiovascular diseases are the leading
cause of death globally, accounting for more than a third of all deaths each year [1].
A subset of these diseases is vascular diseases. This thesis focuses on two of them,
namely thoracic aortic aneurysms and thoracic aortic dissections. Disease pathology and
pathophysiology will be elaborated on more in Section 1.2.2. One treatment option for
these diseases is a Thoracic Endovascular Aortic Repair (TEVAR), which involves one or
multiple implants in the vascular system. These implants are referred to as stent grafts or
endografts. However, there are several aspects that highly influences the outcome of the
intervention, and among these, that the implant is correctly sized and placed, and that
the long term integrity of the structure is secured. Incorrect placement or oversizing of
the endograft can lead to complications such as:

e Malappositon of the endograft at the distal landing zone, also called bird-beaking
because of the wedge shape created at the inner curve, as seen in Figure 1.1a [2].

e Unintended leakage of blood through or around the endograft; endoleaks [3].

e Migration of the endograft. This occurs when the device is moved from its intended
placement, due to movement and hemodynamic forces. Oversizing can be an
important factor for this type of complication [4].

e Device collapse due to in-folding of the distal end of a malapposed endograft [5].

e Device component failure. This is when one or several components of the endograft
fractures. Note that component failure is only equal to a clinically relevant failure
if enough components breaks for the device to collapse under the radial forces [6].

The other aspect, the long term structural integrity of the endograft, is dependent on
myriad of factors (chemical, biological, and mechanical) and can cause material failure.
Cyclic multiaxial loading of the vessels and implants due to cardiac and respiratory
motion can cause fatigue damage to the implants, which can lead to component failure,
see Figure 1.1b and 1.1c [7]. As mentioned previously, a component failure is not equal to
a total failure, and failure of different components may cause different complications. For
example, fracture of one strut of the stent may have no clinical complications (but fracture
in several may cause the endograft to malperform), or wear-damage of the graft material
may cause endoleaks. Here, it is crucial to rely on realistic boundary conditions derived
from the movement of the vascular system in order to make durable device designs.

Ever since x-ray was invented, non-invasive tools for diagnosis and treatment support
have grown increasingly advanced. Today imaging systems are fundamental tools before,



(a) An x-ray image showing (b) A close-up of a cross section of (c) A figure showing an

the occurence of bird-beaking broken Nitinol stent component due endograft with multiple

after TEVAR, Figure from [2]. to fatigue damage, Figure from [7].  stent fractures, Figure
from [7].

Figure 1.1: Figure showing examples consequences of bad device placement (bird-beaking),
and inadequate design regarding durability (single strut failure, and multiple strut failures).

during and after interventions. In a strive to provide tools for a high-resolution description
of the complex dynamics of the intraluminal surfaces of blood vessels, semi-manual
modeling can be performed directly from 3D imaging data. Fully automatic segmentation
algorithms based on artificial intelligence and machine learning are emerging. However,
it will probably take years before they can reliably and accurately be used to replace
the semi-manual methods used in this thesis. The higher level of fidelity is crucial for
dynamic studies since the movements, and deformations, can be very small. With this
said, it is today motivated to perform the tedious process of manual modeling. Previous
work describing vessel motion has been largely focused on centerline and cross-sectional
changes of the thoracic aorta [6]. However, since the endografts in situ in fact are located
directly at the intraluminal vessel surfaces, there is a need to describe these surfaces
explicitly with high accuracy.

1.1.1 Purpose and Aims

The purpose of this thesis can be divided into two: supporting clinicians in their treatment
planning (choosing of devices and device placement), and providing medical device
manufacturers with more realistic boundary conditions to assist design improvements.
This purpose can be fulfilled through mechanical modeling as well as methodology
development and validation to better describe the intraluminal surfaces of thoracic aortas.
By doing so, anatomy, physiology, pathology, and pathophysiology can be better described
and understood, both mechanically and clinically. An overview of how the modeling ties
to the purpose is seen in Figure 1.2. Breaking down the purpose for this specific project,
the following aims are formulated:

e Development of an automatic segmentation algorithm to quantify time-varying
thoracic surface quantities, and after validation on phantoms, analyze patient



From [1

CT-imaging Modeling Applications

Figure 1.2: Figure showing the overall workflow from imaging, via modeling and surface
description, to use as a pre- or intraoperative tool for clinicians, and boundary condition
for device designers, respectively. Top left, top right, and bottom right are from [8], [9],
and [10], respectively, whereas the other figures are from paper A.

specific geometries. This part is presented in Paper A with the application on
longitudinal surface curvature for static cases.

e Investigation if endograft malappositon can be predicted preoperatively by building
on the developed method mentioned. This application is described in Paper B.

e Study how endografts and TEVAR influences vessel compliance. This is presented
in Paper C.

Figure 1.3 visualizes how the research papers in this thesis are connected.

1.1.2 Limitations

The scope of this thesis is limited according to the following list:

e The vessel segment studied is exclusively the thoracic aorta.

e Only two types of pathologies of the thoracic aorta are considered: aneurysms and
dissections.

e Among treatment options, only TEVAR is considered when studying morphological
and dynamic changes of the thoracic aorta due to interventions.



Segmentation and surface
description, Paper A

TEVAR influence on

Paper B deformation, Paper C
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curvature, Paper A

Endograft mal-apposition, 1

Figure 1.3: Figure showing a schematic overview of the relationship between conducted
research and appended papers in this thesis. By establishing the methodology framework
for segmentation and surface description, studies on applications can be performed.

1.2 Anatomy, Pathology, and Interventions

1.2.1 Thoracic Aortic Anatomy

The thoracic aorta is the most proximal segment of the human vasculature, originating
from the aortic valve of the heart and ending when passing through the diaphragm, as
seen in Figure 1.4. The thoracic aorta has three defined sub-segments; the ascending
aorta, the aortic arch, and the descending aorta. The normal configuration of the thoracic
aorta has three vessels branching off from the thoracic aortic arch, supplying the arms
and head with oxygenated blood, in proximal order; branchiocephalic artery (BA), left
common carotid artery (LCCA), and left subclavian artery (LSA) [11]. In addition to the
arch branches, Figure 1.4 includes the left and right coronary arteries, which supply the
heart with blood.

Left common carotid artery
Brachiocephalic artery

W  Leftsubclavian artery

Diaphragm

Figure 1.4: Figure showing an illustration of the thoracic aortic anatomy including branch
vessels and segments. The left and right coronary arteries are seen close to the proximal
end of the ascending aorta. Figure taken from [6].



1.2.2 Thoracic Aortic Pathology

As presented in the limitations section (1.1.2), the pathologies included in this thesis are
thoracic aortic aneurysm and thoracic aortic dissection, see Figure 1.5. Thoracic aortic
aneurysm is when the vessel wall is locally weakened and the cross-sectional diameter of
the vessel is more than 50% larger than than normal. The dilation may grow over time,
with an increasingly higher risk for rupture. Today the criterion for intervention is if
the aneurysm diameter is larger than 5.5 cm or 6.5 cm for the ascending and descending
thoracic aorta, respectively [12-14]. However, individual and more sophisticated criteria
based on local rupture risk found by mechanical modeling of the vessel wall have been
proposed [15-17]. Such methods could potentially be implemented. The treatment options
are open surgical repair or endovascular repair. Thoracic aortic dissection occurs when
blood leaks through a tear in the intima, the innermost layer of the vessel wall. The
leakage is contained within the media, the middle layer, or in the interface between the
media and adeventitia, the outermost layer, and this creates a parallel lumen called a
false lumen, see Figure 1.5. The false lumen gets pressurized by the direct connection to
main blood flow, and the pressure causes the original channel, the true lumen, to partially
collapse decreasing the perfusion. The decreased perfusion may lead to ischemia, organ
failure, or the damaged vessel wall may rupture. Treatments of dissections are either
medical or through the same procedures as for aneurysms [13].

A

Figure 1.5: Figure showing illustrations of thoracic aortic pathologies, with thoracic aortic
aneurysm of the whole thoracic aorta (A), and thoracic aortic type A dissection with an
intimal tear in the ascending aorta (B). Figure taken from [6].

1.2.3 Endovascular Interventions and Devices

The previously presented diseases can be treated in different ways; medically, through
open surgical repair, or endovascular intervention [18]. Within the limitations of this
thesis, the procedural details and background are only further explained for TEVAR. Also,
a brief description of endografts, the implant used in these interventions is presented.
Thoracic endovascular aortic repair is a minimally invasive intervention where access



to the vascular system is created through one or several punctures in the groins. For
complex procedures, access to the vascular system may also be gained through the arms
[18]. Guided by 2D x-ray imaging, the the vascular surgeon or interventional radiologist,
navigates from the incision through the vascular system with guidewires to access the
desired site of device deployment. The endograft is tightly folded into a small catheter
and delivered endovascularly, hence the name. When the crimped endograft is at the
correct location, it is deployed (i.e., unfolded), creating an artificial vessel, see Figure 1.6a.
Preoperatively, a computed tomography angiograpy (CTA) is performed to assist the
clinician in selecting the right endograft (type and size) and to plan the intervention steps
including identifying the most suitable location for deployment. The main advantages
with these interventions are the ability to treat patients who would not be candidates for
surgical open repair as well as a shorter recovery time and hospital stay [19, 20].

The implanted devices in these cases are endografts, an example is seen in Figure
1.6b. This artificial vessel is made from a tube of medical textile supported by a set of
metal rings for radial stiffness. The most common types of textiles used are polyester and
polytetrafluoroethylene (PTFE), and the metal rings are normally made from Nitinol.
Nitinol is a super-elastic nickel-titanium alloy that allows crimping of the endograft into
the delivery catheter (and large deformations in-vivo) without plastic damage [21]. The
first endografts were introduced for treatment of human vessels in the early 1990s, and
both devices and interventions have been improved significantly ever since [22, 23]. It is
important that the improvement continues since both device and intervention-induced
complications still occur. The advancements due to breakthroughs in different fields;
improvements of the materials in the different endograft components give better durability,
better imaging and modeling give better boundary conditions, and better tools for
preoperative planning give better procedural outcomes.

Thoracic endovascular aortic repair (TEVAR)

N
G
‘ A
‘M :

(a) Figure displaying the schematic steps of endograft deployment in the  (b) Figure showing
case of thoracic endovascular aortic repair of a thoracic aneurysm in the  an endograft. Pho-
descending aorta. Figure taken from [14]. tograph from [24].

Figure 1.6: Figure showing the schematic steps of endograft implantation using thoracic
endovascular aortic repair (a), and a photograph of an endograft (b).



2 Modeling of Aortic Surfaces

2.1 Imaging and modeling

Medical imaging gives the possibility to, non-invasively, visualize and describe internal
anatomy and physiology. Over the years, several imaging modalities have been introduced,
for example: radiation based (x-ray and positron emission tomography), ultrasound, and
magnetic resonance imaging, to mention a few. The medical images used in this thesis are
all from x-ray sources, namely CTA. Computed tomography (CT) creates a 3D-volumetric
description of the body with high spatial resolution. This is achievable since the x-ray
tube and the detector array on the other side of the object are allowed to rotate, and
the examining table to translate. By rotating the source-detector pair a full 360° field
of view can be created. By also moving the patient in the medial direction a cylindrical
domain can be described. Angiography (the A in CTA) means that the target for the
scanning is the vascular system, and to enhance the attenuation of the blood, contrast
fluid (normally iodine for x-ray) is injected intravenously. When analysing the dynamics
of the aortic surfaces, it is important to know at what time point during the cardiac
cycle the image is acquired. To assure good accuracy here, the heart is monitored with
an electrocardiograph and the images can then be extracted at the correct time point
(prospective gating) or a continuous imaging sequence can be stored, and then sorted
based on the cardiac cycle after the scan (retrospective gating).

"

Figure 2.1: Figure presenting an overview of the steps used in the semi-manual modeling
tool SimVascular. A shows 3D centerlines for a thoracic aorta, relevant branches and an
endograft in the descending segment. B and C show 2D cross sections of the thoracic
aorta and endograft, with examples from modeling of respective cross sections. D shows
a rendering of lofted surfaces based on contours (intraluminal aortic surface in light grey,
and endograft surface in red). Figure is taken from [6].



After the images have been acquired, they need to be modeled and segmented before
quantification can be performed. Semi- and fully automatic methods for 3D segmentation
are getting more and more common and in a few years, hopefully, the fully automatic
methods can show satisfyingly good accuracy. As said, there are a lot of software options
for handling the raw imaging files and in this project we have utilized SimVascular, which
is an open source tool specifically developed for manual and semi-manual modeling and
simulation of the vascular system [25]. The workflow is described in steps, as seen in
Figure 2.1. First, the centerlines of the vessels and branches are hand-picked in the 3D
volume (see Figure 2.1A). Second, following along these centerlines, 2D segmentation can
be preformed at certain interval to capture the cross sections (see Figure 2.1B, and 2.1C).
This is a natural way to describe a tubular structure and the result of this can then be
lofted to a surface (see Figure 2.1D). Worth noting is that this needs to be repeated for
every instant of time studied.

2.2 Segmentation

The labour intensive work of manual modeling can potentially be avoided, using an
automatic segmentation algorithm. In Paper A, such an algorithm is presented and
validated. It is dependent on a stereolithograpic (STL) surfaces as input and outputs a
computational grid in the form of centerlines and 2D cross sections that are structured
similarly to the output from SimVascular. In brief, the segmentation is mimicking the
workflow of the manual process; creation of initial 3D centerline, cross section creation,
form a new centerline, Fourier smoothing of new centerline, second-generation cross
sections and then iteration of these steps to improve accuracy [26, 27]. The initial
centerline is created using a custom made stepping algorithm minimizing the area of
proxy-cross sections with varying orientation within the vessel, see Figure 2.2. One proxy
cross plane at location C; is defined with the the normal 7j,(6, ¢), where the angles are
varied: 0 € (_” 7T) and ¢ € (0,7). The optimal plane orientation and contour at location

202
i are found by minimizing the area of the contour, as described in Equation (2.1).
. 21 poi(0,p)
Amin,i - P / / d’l“dﬁ (21)
0,0 Jo C;

where 3 is the circumferential direction, r is the radial direction, and 6 and ¢ are the
altitude and azimuth angles for the plane normal, as previously defined, respectively. The
minimal area is found for a pair of optimized angles ¢ and ¢, which gives the corresponding
contour o; (0, p). The corresponding numerical algorithm uses the Shoelace formula to
compute area. Starting at the proximal end of the STL-model, this procedure is repeated
along the whole length by stepping distally. By connecting the centroids of the found
contours, the initial 3D centerline is defined.

The details of the following iterative process are described in paper A. Multiple
iterations of centerline forming, centerline smoothing and cross sectional contouring are
performed. In some locations, the tortuousity and diameter of the aorta may cause
adjacent cross sections to overlap intraluminally. At the end of each iteration, each set

of contours is checked for overlap, and if present, the overlaps are pairwise fixed (by



Figure 2.2: Visualization of two consecutive cross sections found to define the initial 3D
centerline. C represent centroids and o contours. nn and 7 represents the contour, and
surface normals, respectively. Using a stepping algorithm, the optimal cross sections are
found along the whole length of the thoracic aorta. Figure is taken from paper A.

adjusting the pair of normals of the contours to relocate the intersection extraluminally),
starting with the worst case of overlap within the set.

2.3 Lagrangian Formulation

Now, the surface geometries are defined, but to allow for dynamic comparisons and
material point-wise tracking, the surface needs to be described in a Lagrangian cylindrical
coordinate system. This natural description has previously been used in work by Fata,
Smith and Lundh [28-30]. In this thesis, methods are based on Lundh [30]. The origin
is defined at a bifurcation to a branch vessel, in this case, the LCCA, see Figure 2.3.
Other markers at branches or, for example, at the location of endograft ends are useful
for defining regions in the analysis. Fiducial markers, in addition to the LCCA, used in
this thesis are; Right coronary ostium and BA to define the ascending aorta, BA and
LSA to define the aortic arch, and LSA and the first intercostal artery to define the
descending aorta. In paper A the whole thoracic aorta (ascending, arch and descending)
is studied, whereas in paper C the ascending and descending segments are separately
studied. For paper C markers for the endograft ends are used to define the stented
region, specifically studied, see Figure 3.3. Finally, in paper B the proximal end of the
endograft is of extra importance to define the bird-beaking metrics (see in Section 3.2).
In paper B and paper C, the endograft end markers in relation to fiducial markers are
used to determine the corresponding locations prior to intervention. For example, if the
distal part of the endograft is situated 10 mm distal to the LCCA along the centerline
arc-length postoperatively, the stented region is assumed to start 10 mm distal to the
LCCA in the preoperative model as well.

Each material point on the surface is assigned a longitudinal and a circumferential



]
(1

——

Figure 2.3: Figure showing a schematic description of the Lagrangian cylindrical coordinate
system. A shows the longitudinal extent of the coordinate system. § marks the origin at
a bifurcation of a branch, and based on this, the anatomical marker guideline formed by
Y, ..Y,..Y,. C denotes the centroids and S the contours. B shows cross sectional view
for contour i. o and 6 are the longitudinal and circumferential positions, respectively.
The figure is taken from [30].

index and could be viewed as a transformation, from a surface in 3D Cartesian coordinates
to a 2D cylindrical coordinate system, when the radii are expressed as a function of o
and 6, as seen in Figure 2.3. The grid is built using linear interpolation based on the
input contours and centerline and longitudinal and circumferential resolution can be set
depending on needs. For example, to be able to compare a geometry point-wise between
two time instances the two models need to have the same resolution. This is an inherent
assumption; that the grid interval will be slightly stretched from one configuration to
another if the surface is stretched, and that this stretch is equally distributed along the
whole length and circumference, respectively.
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3 Applications

3.1 Surface Curvature

A natural application for the Lagrangian grid is to quantify surface curvature explicitly for
each point on the surface. In this case, in the circumferential and longitudinal directions,
respectively. These can be used to compute mean and Gaussian curvature, which have
been shown to be related to abdominal aortic aneurysm rupture risk [15, 31]. However,
in this thesis, the focus is on longitudinal surface curvature, how it can be accurately
quantified and in particular why it is important.

The general formula for curvature reads

_ @) x " @)
e @

where r = r(t) is the parametric equation for the curve and primes refer to derivatives
with respect to the parameter ¢. The curvature formula in Equation (3.1) is in this thesis
discretized with a circle fitting method (k = %, where R is the radius of curvature), which
allows for implementation of a sliding window, to reduce noise. The optimal window size
was suggested by Choi and Lundh [27, 30], respectively. Inspired by the circle fitting
method, a straightforward method for estimating longitudinal surface curvature from
centerline curvature and radii is also investigated. In this study the inner and outer lines
are found in the following way; relying on the Lagrangian grid, the inner line is found
as the shortest path between the levels of the right coronary artery and the intercostal
artery fiducial markers, parallel to the anatomic marker guideline (see Y;...Y;...Y,, in
Figure 2.3). The outer line is chosen as the line 180° shifted from the inner line. The
inner and outer local radii, based on points at the surface lines, are added to the inverse
of centerline curvature at each point, yielding new radii of curvature. From these, the
estimated inner and outer curvatures are computed, see Equations (3.2) and (3.3).

(3.1)

1

Router, est = ﬁ and (32)
r

Kcenter

1

KRinner, est = 1—7

Kcenter

(3.3)

where Keenter 15 the local centerline curvature and r is the local radius. Kouter, est and

Kinner, est are the estimated curvatures for the outer line and inner line, respectively. The
explicit surface curvature method correlates well with analytic solutions for longitudinal
curvature for the defined inner and outer lines as well as for centerline curvature. The
estimation method is working well for phantoms mimicking healthy vessels, but very poorly
for those who represents diseased morphologies. An example of such poor performance
can be seen in Figure 3.1. For patient geometries, this study confirms the hypothesis
that the inner surface curvature is significantly higher than the centerline curvature,
hence important to quantify in order to describe surface conditions accurately. The outer

11



1.6 1_8 T T T T T T N .
— Centerline explicit
=16t — Innerline explicit
.14 5" —— Outerline explicit
g o [ ) S R Innerline estimated
51 5 ot4r ) e Outerline estimated
: 3
= g 121
T
=]
g 15 (&] 1k
O -
2os8 Sos- 1
2 ?
06| o el 1
(0]
| -—
L —g 0.4
504 7]
T 2
] 02+ |
=D o -
0 e

0 20 40 60 80 100 120 140 160
Longitudinal position, ¢ [mm]

Figure 3.1: Figure shows explicit (point-wise quantified) longitudinal surface curvature
along inner and outer lines for a computer generated phantom geometry (left), and
comparison between explicit and estimated surface curvature along the length of the same
phantom (right).

longitudinal surface curvature is not significantly different compared to the centerline
curvature for the diseased thoracic aortas, a result that is expected for healthy vessels.
This is explained by the influence of aneurysms and dissections, which cause local high
areas of surface curvature, even on the outer curve.

3.2 Endograft Malapposition Prediction

By relying on the methods for imaging and modeling described in section 2.1, thoracic
aortic and endograft surface models are constructed and forms the input for this application.
The methodology for finding the inner line is in this case slightly modified compared to
the surface curvature case. Instead of finding the shortest parallel line to the anatomic
marker guideline, the center of mass (COM) for the thoracic aortic model located axially
above the right coronary artery is defined. By minimizing the distance of all points on
the most proximal contour to the COM, the starting point of the inner line is defined.
This point is then projected onto the distal contours to form the full inner line using the
same method as when defining the anatomic marker guideline based on the LCCA ostium,
previously described. The inner line of the endograft is then found as the shortest distance
to the aortic inner line, for each endograft contour at a time. After defined, the curves
are smoothed using Fourier smoothing [27]. Based on these two curves, the longitudinal
region of interest is defined from the point-pair gg (proximal end of the endograft) and ag
(proximal landing point) to the distal point-pair g; and a; (where the threshold distance
between the two curves drops below 3 mm), as seen in Figure 3.2. Bird-beak height (BBH)
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Figure 3.2: Figure displays a segment of the thoracic aorta around the proximal landing
zone of the endograft. Bird-beak metrics including bird-beak angle, bird-beak height, and
bird-beak length as well as the four points that underlies theses metrics ag, a1, gg, and
g1, are visualized. Figure taken from Paper B.

was defined as the distance between gy and ag, bird-beak length (BBL) as the Euclidean

distance between go and gq, and finally the bird-beak angle (BBA) according to Equation
(3.4).

BBA = cos™* ( 28 ) ; (3.4)
lallflgll

where a is the vector between a; and ag, and g is the vector between g; and go. Preopera-

tively, the inner surface curvature (quantified using the circle fitting method as described

in Section 3.1) as well as the aortic effective diameter was measured at the proximal

landing point, ag. The effective diameter is calculated as

A
Deffective =2 reav (35)
T

where Degoctive 18 the effective diameter and Area is the cross-sectional area. For a
fully circular cross-section the effective diameter is the same as the diameter. However,
in the case of non-circular cross-sections, the effective diameter is different from the
diameter since every point on the parameter has different radii, but it serves as a measure
proportional to mean diameter. The level of local over-sizing is determined from this by
comparing to the specifications of the endograft. In general, an over-sizing in the interval
of 10% to 20% is recommended for these interventions and too much over-sizing (<30%)
can be negative with regards to device migration [4, 32].

Using the inner surface curvature and the effective diameter, the unit-less product
is found. The rationale for defining such a dimensionless metric is based on how tubes
are constrained in bending. The inner curve needs to shorten, and the outer lengthen
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to fulfil being perpendicular to the centerline. When the outer curve of the endograft is
stretched fully, the inner curve cannot contract/wrinkle to accommodate for high inner
surface curvature, bird-beaking occurs. With this said, this metric preop is significantly
higher in cases of high bird-beaking postop. Also, this metric, along with the inner surface
curvature alone, are found to correlate with both BBH and BBA, where the latter agrees
with previous findings from Kudo et al. [33].

3.3 Multiaxial Deformation Changes Due to TEVAR

The third application to the presented framework is a study on multiaxial deformation
of the thoracic aortic aorta. Models of thoracic aortas are constructed at ten different
time-points during the cardiac cycle using retrospective gating, as described in Section 2.1.
This is preformed for each of the eleven patients, both before and after TEVAR, yielding
a total of 20 models per patient. The models are then defined in an Lagrangian cylindrical
coordinate system (Section 2.3) to be able to quantify longitudinal surface curvature in
the same way as presented in Section 3.1, and effective diameter as described in Section
3.2. These metrics are then extracted and studied in different segments, as described
in Section 2.3 and further visualized in Figure 3.3. These methods give a set of metrics
to assess how TEVAR affects the cardiac-induced deformation of the different segments
of the thoracic aorta, and the results confirms the hypothesis that the stented portion
exhibits a decrease in cardiac-induced deformation from pre- to postop. The stiffening of
this segment affects the non-stented segment, where deformations increases locally.

Descending aorta

) Stented aorta
Ascending aorta

e
Outer surface Outer surface

Outer surface

Centerline

Centerline Inner surface Centerline

Inner surface '

Inner surface

Figure 3.3: Figure showing the definition of inner, center and outer surface lines for the
different segments studied in paper C. Light grey is the aortic intraluminal surface, dark
grey is the true lumen surface, and the red is the endograft surface. The figure is modified
from paper C.
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4 Summary of Appended Papers

Paper A: Automated Quantification of Diseased Thoracic Aortic Longitudi-
nal Centerline and Surface Curvatures

In this paper the automated segmentation algorithm and modeling framework were devel-
oped and validated on computer generated phantoms. This included automatic contouring
of stereolithographic surfaces and then description in a Lagrangian cylindrical coordinate
system. After validation, the algorithms were used to segment and quantify longitudinal
surface curvature of 37 human thoracic aortas with aneurysm or dissection. The results
confirmed hypotheses that the longitudinal surface curvature is significantly different for
the longitudinal curvature of the centerline. It was also concluded that surface curvature
cannot be approximated using a straightforward estimation method, especially not in the
case of diseased thoracic aortas.

Paper B: Thoracic Aortic Geometry Correlates With Endograft Bird-Beaking
Severity

In this paper methods for prediction of endograft malappositon based on pre-op data
were developed. Analyses were then conducted on a cohort of 20 patients who had their
aneurysms or type B dissection treated with TEVAR. By establishing metrics for bird-beak
height, the cohort could be categorized into two subgroups; ten patients with, and ten
patients without bird-beak occurrence. For the group where bird-beak configuration
was observed, analyses of the preop- surfaces showed significant correlation between
inner surface curvature and inner surface curvature-diameter with bird-beak height and
bird-beak angle. It was also found that the product inner surface curvature-diameter was
significantly higher for this group compared to the group that did not show bird-beaking
postoperatively.

Paper C: Biomechanical Effects of TEVAR on Multiaxial Pulsatility and Sur-
face Curvature Deformation of the Thoracic Aorta

In this paper an investigation on how the multiaxial deformation induced by cardiac
motion is altered by TEVAR was carried out. The methods include modeling of ten
cardiac frames for the thoracic aorta of eleven patients, before and after TEVAR and
a set of quantities were extracted. Based on cross-sectional data, effective diameters
could be measured, from the centerline, arclength and longitudinal curvature, and from
the surfaces, inner and outer surface curvatures. Based on this, the cardiac induced
arclength deformation was found to increase for the ascending aorta, but decrease for
the stented aorta from pre- to post-TEVAR. The stented aorta also showed a decrease
in outer surface curvature and diametric change. Hypothesised stiffening of the stented
aorta was confirmed and the results indicate that this also affects the deformation of the
ascending aorta.
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5 Concluding Remarks and Future Work

5.1 Conclusions

In conclusion, an automatic tool for segmentation and quantification of surface metrics
for thoracic aortas was developed, validated and used for explicit surface curvature
computation. Advantages of the method are the possibility to extract additional metrics,
and that several time-points can be compared by tracking material points. Inner surface
curvatures are significantly different from centerline curvatures and this makes a crucial
difference when describing boundary conditions for endografts, which are placed on the
vessel walls. Explicit inner surface description and cross-sectional measurements have
shown to be useful metrics for a predictive method for preoperative insight on optimal
landing zones to avoid device malapposition. Finally, the effects of TEVAR on multiaxial
pulsatility and surface curvature deformation have shown stiffening effects, i.e., decreased
deformation, in the stented segment, with a result in increased deformation for non-stented
segments. The conclusion from this is that the influence of TEVAR may not just have a
local influence, but rather altering the dynamic conditions for the whole thoracic aorta.

In essence, the work in this thesis has contributed to the two fundamental purposes
of the project; It has given insight into device movement and provided more realistic
boundary conditions for device manufactures, and assisted clinicians to better understand
aspects of diseases and how vascular anatomies are affected by TEVAR. This altogether
can potentially improve the durability of devices and the outcome of interventions — and
ultimately the quality of life of treated patients.

5.2 Future Work and Preliminary Results

There are several direct continuations and broadening of the applications to papers A-C.
Building on paper A a study of dynamic surface curvature for the whole surface could
be conducted to complement the presented work in paper C. For paper B, we predict
future work by expanding the number of patients and investigating devices from different
manufacturers, and also how active control-delivery systems affect the bird-beaking issue.
A proposed future work based on paper C is to conduct a larger cohort study with focus
on aortic remodeling after TEVAR, possibly even with monitored blood pressure, mainly
to study hemodynamic effects. A visualization of the relationship between presented and
future work for these studies can be seen in the left bottom part of Figure 5.1. Additionally,
the methodology presented in paper A is believed to be a good foundation for further
customization and combination of metrics, depending on clinical — or biomechanical —
hypotheses. In fact, such a project has already been initiated with focus on pathology
and pathophysiology of Stanford type B dissections in general, and on modeling of the
true and false lumen in particular. This utilizes a modified version of the segmentation
tool and the Lagrangian coordinate system to define the longitudinal propagation of the
true lumen by introducing the new metrics helical angle and helicity. Initial results were
presented at the Transcatheter Cardiovascular Therapeutics-conference in September 2019
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Figure 5.1: Figure showing a schematic Overview of the relationship between research in
thesis (dark grey) and proposed future projects (light grey), ¢f. Figure 1.3.

and a summary of the method and results for one example patient are seen in Figure 5.2.
In short, the true and aortic lumens of 19 patients were segmented simultaneously, and
considering the level of helical angle, they clustered into two distinct groups; either with
no helical angle, or a helical angle around -180°.

The initial results spark a set of interesting research questions:

Would the helical angle of patients in a bigger cohort also cluster into these two
distinct groups?

Why are all true lumens (and therefore also false lumens) in the helical group
propagating in the same direction?

From a pathogenic standpoint; why are some propagating helically, and some not?
How can we model the true and false lumen interaction?
What factors play a role in the pathogeneis and etiology of type B dissections?

How does interventions such as TEVAR affect lumen helicity?

These research questions are a part of the right branch in Figure 5.1, in addition to the
earlier mentioned future work linearly linked to papers A-C, respectively.
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Figure 5.2: Figure shows a summary of future work in the right branch of Figure 5.1.
Dual lumen segmentation (top left), definition of helical angle (top right), STL-surfaces
for an example patient with five longitudinal locations (dark grey is true lumen, light grey
is the false lumen), and helical angle and helicity varying along the dissected segment
(bottom) are displayed.
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