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ABSTRACT

Vascular disease risk factors such as hypertension, hyperlipidemia and old age are all
results of modern-day lifestyle, and these diseases are getting more and more common. One
treatment option for vascular diseases such as aneurysms and dissections is endovascular
aortic repair introduced in the early 1990s. This treatment uses tubular fabric covered
metallic structures (endografts) that are implanted using a minimally invasive approach
and placed to serve as an artificial vessel in a damaged portion of the vasculature. To ensure
that the interventions are successful, the endograft must be placed in the correct location,
and designed to sustain the hostile biological, chemical, and mechanical conditions in the
body for many years. This is an interaction that goes both ways, and keeping in mind
that the endograft is a foreign object placed in the sensitive vascular system, it is also
important that it does not disrupt the native conditions more than necessary.

This thesis presents a segmentation and quantification methodology to accurately
describe the complex morphology and motion of diseased blood vessels in vivo through a
natural and intuitive description of their luminal surfaces. After methodology validation,
a series of important clinical applications are performed, all based on non-invasive imaging.
Firstly, it is shown that explicit surface curvature quantification is necessary when
compared to relying solely on centerline curvature and estimation methods. Secondly, it is
shown that endograft malapposition severity can be predicted from preoperative geometric
analysis of thoracic aortic surfaces. Thirdly, a multiaxial dynamics analysis of cardiac
induced thoracic aortic surface motion shows how thoracic endovascular aortic repair
affects the deformations of the different portions of the thoracic aorta. Fourthly, the helical
propagation pattern of type B aortic dissection is determined, and two distinct modes of
chirality are revealed, i.e., achiral and right-handed chiral groups. Finally, the effects of
thoracic endovascular aortic repair on helical and cross-sectional morphology of type B
dissections are investigated revealing how acuity and chirality affects the alteration due to
intraluminal lining with endografts. Thus, the work presented in this thesis contributes
by adding knowledge about pathology and pathophysiology through better geometric
description of surface conditions of diseased thoracic aortas. This gives clinicians insights
to use in their treatment planning and provides more nuanced boundary conditions for
endograft manufacturers. Comprehensive knowledge about diseases, better treatment
planning, and better devices are all crucial in order to improve the outcomes of performed
interventions and ultimately the quality of life for the treated patients.

Keywords: Thoracic aorta, aneurysm, type B aortic dissection, geometric modeling,
stereolithographic 3D surfaces, surface curvature, TEVAR, endograft, bird-beaking, cardiac
pulsatility, helical morphology, chirality
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NOMENCLATURE

2D — Two-dimensional

3D — Three-dimensional

BA — Brachiocephalic artery

BBA — Bird-beak angle

BBH - Bird-beak height

BBL — Bird-beak length

CAD - Computer aided design

CBM - Centerline-based method

CDF — Cumulative distribution function
COM - Center of mass

CT — Computed tomography

CTA - Computed tomography angiography
DNA — Deoxyribonucleic acid

LCCA — Left common carotid artery
LSA — Left subclavian artery

PDF — Probability density function
PTFE - Polytetrafluoroethylene

RMS - Root mean square

ROI — Region of interest

SBM — Surface-based method

SINE — Stent induced new entry
TEVAR - Thoracic endovascular aortic repair
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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 about 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
Thoracic Endovascular Aortic Repair (TEVAR), which involves placing one or multiple
implants on the luminal surfaces of 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 endograft
placement or sizing can lead to complications such as:

e Malapposition of the endograft at the proximal 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 hemodynamic forces. Oversizing can be an important factor for
this type of complication [4].

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

The other aspect, the long-term structural integrity of the endograft is dependent on
myriad of factors (chemical, biological, and mechanical, etc.) 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
Figures 1.1B and 1.1C. This is when one or several components of the endograft fractures.
Important to note is that component failure is only equal to a clinically relevant failure if
enough critical components break so that the device to collapses [6]. 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
motion of the vascular system in order to make durable device designs.

Ever since x-ray was invented over hundred years ago, non-invasive tools for diagnosis
and treatment support have grown increasingly advanced. Today imaging systems are
fundamental tools before, during and after interventions. In a strive to provide tools for
a high-resolution description of the complex dynamics of the luminal surfaces of blood



Figure 1.1: Figures show examples of complications that may, or may not, be clinically
relevant depending on severity and extent. Figure A shows device malapposition (bird-
beaking) at the proximal landing zone (as indicated with blue lines), Figure B shows
a single strut failure in a scanning electron microscope, and Figure C shows two strut
fractures (indicated with green arrows) for a bifurcated stent graft used to treat abdominal
aortic aneurysms. Figures B and C are Figure 17.8 (left) and Figure 17.1 in [7], respectively.

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 luminal vessel surfaces, there is a need to describe
these surfaces explicitly with high accuracy. Additionally, different diseases alter the
conditions in terms of lumen configuration, pressure/flow distributions and luminal surface
morphology. Patient-specific description of these surfaces is crucial to further advance
treatment through improvement of interventions and devices in the future.

1.1.1 Purpose, Aims, and Research Questions

The overall purpose, to improve the outcomes of interventions and ultimately the quality
of life of treated patients, of this thesis can be divided into three aims: 1) research
and establish new knowledge and understanding about thoracic aortic pathology and
morphological implications on pathophysiology, 2) support clinicians in their treatment
planning (choosing of devices and device placement), and 3) provide medical device man-
ufacturers with more realistic boundary conditions to assist design improvements. These
three aims can be reached through geometric modeling and development of integrated
and well-validated methodologies to better describe the intraluminal surfaces of thoracic
aortas. By doing so, anatomy, physiology, pathology, and pathophysiology can be better
described and understood, mechanically as well as clinically. An overview of how the
modeling ties to the aims is seen in Figure 1.2. Breaking down the aims for this specific
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From [9]
CT-imaging — Modeling — Applications

Figure 1.2: Figure shows an overview of 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
attributed to [8], Stanford Health Care and [9], respectively.

project, the following research questions are formulated:

e Develop and validate an automatic cross-sectional slicing algorithm to quantify
time-varying thoracic surface quantities for single and dual lumen configurations.
Following this, apply the algorithm on patient-specific geometries. This part is
presented in Paper A with the application on longitudinal surface curvature for
static cases and in Paper D for description of helical morphology of the true lumen
in type B dissections.

e Investigate if endograft malapposition can be predicted preoperatively based on
geometrical features. This application is described in Paper B.

e Study how endografts and TEVAR influence the multiaxial dynamics of the thoracic
aorta. This is presented in Paper C.

e Study how endografts and TEVAR influence helical and cross-sectional morphology
for dissected thoracic aortas. This is presented in Paper E.

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



Cross-sectional slicing and surface description, Paper A, Paper D ’

TEVAR influence on aortic
dynamics, Paper C

True lumen helical morphology
and chirality, Paper D

|

TEVAR influence on helical
morphology, Paper E

Longitudinal surface
curvature, Paper A

Endograft malapposition,
Paper B

Figure 1.3: A schematic overview of the relationship between conducted research and
appended papers in this thesis. By establishing the methodology framework for cross-
sectional slicing and surface description, studies on clinical applications can be performed.

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

e The vessel segment studied is exclusively the human thoracic aorta.

e Only two types of pathologies of the thoracic aorta are considered: aneurysms and
dissections, and no non-diseased thoracic aortas are included.

e Patients included are retrospectively recruited from studies where all patients gave
written consent and was approved by Stanford’s Institutional Review Board for
human subjects research.

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

e Only geometric modeling of the luminal surfaces are to be performed. This does
not involve solid modeling of the vessel wall nor simulations of blood flow.

1.2 Anatomy, Pathology, Interventions, and Devices

1.2.1 Thoracic Aortic Anatomy

The thoracic aorta is the most proximal vessel 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 portions: the ascending aorta, the aortic
arch, and the descending aorta. The ascending aorta begins the origin of the right and left
coronary arteries (that supply the heart muscles with blood) just distal to the aortic root
and ends at the brachiocephalic artery (BA). The BA supplies the right arm and part
of the head with oxygenated blood and in the normal configuration the BA marks the
proximal limit of the aortic arch. The left common carotid artery (LCCA) also branches
off from the aortic arch and supplies the head with blood along with the BA. Finally,
the left subclavian artery (LSA) marks the distal end of the aortic arch. The LSA is the
proximal end and the diaphragm the distal end of the descending aorta [10].



Left common carotid artery
Brachiocephalic artery

Left subclavian artery

Diaphragm

Figure 1.4: Illustration of the thoracic aortic anatomy including branch vessels and
segments. The left and right coronary arteries are seen close to the aortic root at the
proximal end of the ascending aorta (not annotated).

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 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 [11-13]. However, individual and
more sophisticated criteria based on local rupture risk found by mechanical modeling of the
vessel wall have been proposed [14-16]. Such methods could potentially be implemented
and 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 adventitia, the outermost layer. In both
cases this creates a parallel lumen called a false lumen, see Figure 1.5B. 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, and the damaged vessel wall
presents a rupture risk. Treatments of dissections are either medical or through the same
procedures as for aneurysms [12].



Figure 1.5: Illustrations of thoracic aortic pathologies, with thoracic aortic aneurysm of
the whole thoracic aorta (Figure A), and thoracic aortic type A dissection with an intimal
tear in the ascending aorta (Figure B).

As seen in Figure 1.6, there are different classifications of thoracic aortic dissections.
Those involving the ascending aorta are referred to Stanford type A or Debakey type I or
II, and those involving only the descending portion as Stanford type B or Debakey type
ITI. Throughout this thesis the Stanford classification is used.

In general, a dissection is considered acute the first 14 days after onset of symptoms,
and then chronic [17], a definition that has been suggested to need refinement [18]. The
acuity of an aortic dissection highly influences the properties of the vessel wall, and
therefore also the remodeling potential when treated with an endograft [19, 20].

De Bakey Type I De Bakey Type II De Bakey Type I

T
Stanford Type A Stanford Type B

Figure 1.6: Tllustrations of different types of thoracic aortic dissections, and their classifi-
cations using the Debakey and Stanford conventions, respectively.



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 [21]. Within the limitations of this
thesis (Section 1.1.2), the procedural details and background are only further explained
for TEVAR. Also, a brief description of endografts, the type of 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
[21]. Guided by 2D x-ray imaging, 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 arrives at the
correct location, it is deployed (i.e., unfolded), creating an artificial vessel, see Figure 1.7.
Preoperatively, a computed tomography angiography (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 [22, 23].

Figure 1.7: Figure depicts the schematic steps of endograft deployment in the case of
thoracic endovascular aortic repair of a thoracic aneurysm in the descending aorta. In
Figure A the guidewire and catheter have been inserted. The endograft is crimped into
the catheter and is in Figure B partially deployed. Finally, in Figure C the endograft is
fully deployed and the guidewire is removed.



The implanted devices in these cases are endografts, with examples seen in Figure
1.8. As said, the endograft serves as an artificial vessel and 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 superelastic nickel-titanium alloy that
allows crimping of the endograft into the delivery catheter (and large deformations in
vivo) without plastic damage [24]. Endografts were introduced for treatment of human
vessels in the 1980s and 1990s, and both devices and interventions have been significantly
and continuously improved ever since [25-27]. It is important that the improvement
continues since both device- and intervention-induced complications still occur. Further
advancements rely on breakthroughs in several fields: 1) discoveries in metallurgy and
medical textiles to allow for improvements of the materials in the endograft components
to achieve better durability, 2) improvement of imaging quality and modeling methods
to better describe boundary conditions, and 3) more sophisticated tools for preoperative
planning to allow for better procedural outcomes.

Figure 1.8: Figure displays a variety of endografts intended to be used in endovascular
surgery. Photograph from [28].



2 Geometric Modeling of Aortic Surfaces

2.1 Imaging and Segmentation

Medical imaging gives the possibility to, non-invasively, visualize and describe internal
anatomy and physiology. Over the years, several imaging modalities have been introduced
with the most common being: radiation based (x-ray and positron emission tomography),
ultrasound, and magnetic resonance imaging. The medical images used in this thesis are
all from x-ray sources, namely computed tomography angiography. 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 patient 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 through the static
part of the scanner (as seen in the top left corner of Figure 1.2) 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
luminal surfaces, it is important to know at what instant of time during the cardiac cycle
the image is acquired. To ensure good temporal accuracy, the heart is monitored with an
electrocardiograph and the images can then be extracted at the correct instants of time
(prospective gating) or a continuous imaging sequence can be stored, and then sorted
based on the cardiac cycle after the scan (retrospective gating).

After the images have been acquired, they need to be segmented and modeled 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 adequately good accuracy. With this 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 [29]. 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 performed at certain interval to capture the cross-sections (see Figures 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 Cross-Sectional Slicing

2.2.1 Single Lumen

The labour intensive work of manual surface modeling can potentially be avoided, using an
automatic cross-sectional slicing algorithm. In Paper A, an algorithm suitable for single
lumen is presented and validated. Single lumen conditions are seen in non-diseased aortas
and pathologies such as aneurysms (or when, for example, the outer aortic wall is studied



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

instead of the true and false lumina in dissected cases). It is dependent on a 3D triangulated
stereolithographic surface (STL file format) 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 cross-sectional slicing is mimicking the workflow of the
manual segmentation 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 [30, 31]. The initial centerline is
created using a custom made stepping algorithm minimizing the cross-sectional area of
proxy-cross sections with varying orientation within the vessel, see Figure 2.2. One proxy
cut plane at location C; is defined with the the normal 7,(6, ¢), where the angles are
varied: 6 € (7” ”) and ¢ € (0, 7). The optimal plane orientation and contour at location

272
i are found by minimizing the area of the contour as described in Equation (2.1).
. 27 poi(0,p)
Auini= g [ [ aras, (2.1)
0,0 Jo C;

where f is the circumferential direction, r is the radial direction, and 6 and ¢ are the
altitude and azimuth angles for the plane normal, respectively. The minimal area is
found for a pair of optimized angles ¢ and ¢, which gives the corresponding contour
oi(0,9). The corresponding numerical algorithm splits the cross-section into triangles
circumferentially and then uses the Shoelace formula (Gauss’s area formula) to compute
the area for each triangle [32]. By summation of all triangle areas the cross-sectional

area is finally found. Starting at the proximal end of the surface model, this procedure is

10



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

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 slicing are
performed automatically. In some locations, the tortuosity 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
adjusting the pair of normals of the contours to relocate the intersection extraluminally),
starting with the worst case of overlap within the set.

2.2.2 Dual Lumen

The methods and algorithm described in Section 2.2.1 apply to where the aortic surface
can be described by a single tubular surface model. However, as described in Section
1.2.2 in the case of dissections, the cross-sectional slicing algorithm needs to handle two
lumina to comprehensively describe the true and false lumen surfaces. In Paper D the
single lumen methodology is therefore generalized to input dual lumen in the form of two
separate 3D surfaces. First, the same steps for cross-sectional slicing are performed on
the whole lumen (that is the outer aortic wall representing the union of the true and false
lumina). In the last iteration, the surface model of the true lumen is co-located inside the
whole lumen and simultaneously sliced. On each cut plane, two contours will therefore
be sliced and outputted, as seen in Figure 2.3. The cross-sectional slicing of dual lumen
allows for detailed studies including interluminal coupling such as helical morphology.

2.3 Lagrangian Formulation of Surfaces

Now, the surface geometries are defined, but to allow for time-dynamic and pre- versus
post-TEVAR comparisons the surface needs to be described in a Lagrangian cylindrical
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Figure 2.3: Figure depicts a pair of example cross-sections after dual lumen cross-sectional
slicing with whole aortic contour and centroid in black, and true lumen contour and
centroid in blue.

coordinate system so that material points can be tracked. This natural description of
tubular anatomic structures has previously been used in work by Fata, Smith and Lundh
[33-35]. In this thesis, methods are based on Lundh’s methods [35], and in the case of
dual lumen input, the Lagrangian coordinate system is applied to the whole lumen. This
means that longitudinal positions on the true lumen surfaces are described as positions
along the centerline of the whole lumen. This is important so that the whole and true
lumen surfaces have a common coordinate system to allow for comparison of the lumina at
distinct positions. The origin of the coordinate system is defined at a bifurcation between
a branch vessel, in this case the LCCA, and the whole lumen surface, see Figure 2.4.

Figure 2.4: Figure displays a schematic description of the Lagrangian cylindrical coordinate
system. Figure A shows the longitudinal extent of the coordinate system for a vessel that
schematically represents a thoracic aorta. U marks the origin at a bifurcation of a branch,
and based on this, the anatomical marker guideline formed by U...U;...U,. C denotes the
centroids and o denotes the contours. Figure B shows cross-sectional view for contour i. r
is the radius and -« and 6 are the longitudinal and circumferential positions, respectively.
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Other markers at, for example, the location of branches or endograft ends are useful
for defining regions in the analysis, as described in Section 2.4, and all made possible
through the use of the Lagrangian coordinate system description. Each material point on
the surface is assigned a longitudinal and a circumferential index and could be viewed as a
transformation from a surface in 3D Cartesian coordinates to a 2D cylindrical coordinate
system, where the radii are expressed as a function of v and 6 as seen in Figure 2.4. The
grid is built using linear interpolation based on the input contours from the cross-sectional
slicing algorithm and centerline and longitudinal and circumferential resolution can be set
depending on needs. For example, to be able to compare a geometry pointwise between
two time instances the two models need to have the same resolution. Here it assumed
that the grid interval is 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. The stretching can due to vessel wall anisotropy, neighbouring
anatomy, and varying luminal pressure be uneven along the length of the studied segment.
To accommodate for this uneven stretching of the grid interval, application of dynamic
time warping methodologies is in some cases used to ensure that the same material
points are compared [36-38]. In short, these methods minimize the sum of the Euclidean
distances between the signals to match peaks.

2.4 Quantification Domain

2.4.1 Longitudinal Region of Interest

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 most distal intercostal artery to define the descending aorta (cf. Section 1.2.1). In
Paper A the whole thoracic aorta (ascending, arch and descending) is studied, whereas
in Paper C the portions are separately studied. In Paper C markers for the endograft
ends are used to define the stented region, specifically studied, see Figure 2.5. In Paper B
the proximal end of the endograft and the landing zone are of extra importance to define
the bird-beaking metrics (see in Section 5.2). In Papers B, C and E, the endograft end
markers in relation to fiducial markers are used to determine the corresponding locations
prior to and after intervention. For example, if the proximal end of the endograft is
situated 1 cm distal to the LCCA along the centerline arc length postoperatively, the
stented region is assumed to start 1 cm distal to the LCCA in the preoperative model as
well. An example where the proximal end of the region is based on pre-TEVAR geometry,
and the distal end is based on the post-TEVAR geometry is seen in Figure 2.5.

The longitudinal marker can be placed at any given longitudinal position, or be decided
by other fiducial markers or features. For example in Paper D and Paper E the proximal
end of the region is defined at the longitudinal position 5 cm distal to the LCCA or at the
location of the intimal tear if this is more distal. In Paper D the distal end of the region
is defined at the end of the provided images (about the level of the intercostal artery at
the diaphragm) and in Paper E the distal end of the endograft in the post-TEVAR is
used to define the distal end of the region, as seen in Figure 2.5.
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Figure 2.5: Figure A and B display renderings of CT data for pre- and post-TEVAR,
and Figure C shows how the Lagrangian coordinate system is used to form a comparable
region for pre- and post-TEVAR in a dissected thoracic aorta. In this case a longitudinal
fiducial marker 5 cm distal to the LCCA is placed in the pre-TEVAR model (as seen
in blue) and the centerline distance to the distal end of the endograft is found in the
post-TEVAR model (green). By transferring the pre-TEVAR marker to post-TEVAR and
vice versa, a common region of interest is defined as visualized in the rightmost column.

2.4.2 Longitudinal Surface Paths

To represent certain circumferential sections of the aortic surfaces in a more compact way,
metrics are extracted along longitudinal surface paths. To start off with, the anatomic
marker guideline (see Y;...Y,;...Y,, in Figure 2.4) represents the reference circumferential
coordinate, and is indeed a longitudinal surface path spanning the whole longitudinal
extent of the model. In this way, in Paper A and Paper C the inner and outer surfaces
of the thoracic aorta are represented by inner and outer surface paths, which are found
in the following way: relying on the Lagrangian grid, the inner path 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 in the 2D coordinate system.
The outer path is then chosen as the path 180° shifted from the inner path. The inner
and outer surface paths and the centerlines are displayed in Figure 2.6. In Paper B
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Figure 2.6: Figure shows the definition of inner and outer surface paths. Figure A shows
the the inner and outer surface paths used in Paper A denoted as ”Innerline” and
”Quterline”, respectively. In Figures B and C, the inner and outer surfaces are represented
by paths on the ascending and stented portions as defined in Paper C.

the methodology for finding the inner path is in this case slightly modified compared to
the surface curvature case in Paper A and Paper C. Instead of finding the shortest
parallel path to the anatomic marker guideline, the center of mass (COM) for the thoracic
aortic model is found located axially above the right coronary artery. By minimizing the
distance of all points on the most proximal contour to the COM, the starting point of the
inner path is defined. This point is then projected onto the distal contours to form the
full inner path in the same manner as when defining the anatomic marker guideline based
on the LCCA ostium, previously described. The inner path of the endograft is then found
as the shortest distance to the aortic inner path, for each endograft contour at a time.
After defined, the paths are smoothed using Fourier smoothing [31] and subsequently
used for computation of bird-beak metrics (see Section 5.2).

2.5 Metrics Definition

Relying on the Lagrangian formulation for pointwise tracking, and after defining the region
of interest (ROI), a series of metrics are computed for different applications: Longitudinal
curvature metrics (explicit quantification and estimation of surface curvature), cross-
sectional metrics (area, circumference, effective diameter, eccentricity) and helical metrics
(helical angle, helical twist and helical radius). These, or combinations of these, are then
used to study the different clinical hypotheses presented in Chapter 5.
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A natural first application using 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 [14, 39].
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

oo @) x ")
@

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 (2.2) is here 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 has
previously been suggested by Choi and Lundh [31, 35]. Inspired by the circle fitting
method, a straightforward method for estimating longitudinal surface curvature from
centerline curvature and radii is also investigated. First, the inner and outer surfaces are
defined as surface paths as described in Section 2.4.2 and radii are quantified from the
centerline to each of the paths. Then the inner and outer local radii 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 (2.3) and (2.4).

(2.2)

1

Router, est = ﬁ and (23)
T

Rcenter

(2.4)

Rinner, est = 177

Rcenter

where Keenter is the local centerline curvature and 7 is the local radius while Koyter, est and
Kinner, est are the estimated curvatures for the outer and inner surfaces, respectively.
The effective diameter, Defoctive, 1S calculated as

Def‘fective =2 é7 (25)
7
where A is the cross-sectional area of the vessel. The cross-sectional area of a contour is
indicated as the shaded area in Figure 2.7A. 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.

From Figure 2.7A the definition of true lumen circumference can also be seen as the
length of the blue contour. A group of researchers has proposed that the circumference is
the better for computing oversizing compared to diametric measurements [40, 41]. This is
something that will be evaluated for thoracic pathologies with regards to complication
risks as a part of the proposed future work (Section 8).
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The eccentricity is computed as:

) )

where b and a are the minor and major axes of a cross section, respectively. An eccentricity
level of 0 corresponds to a perfect circle (since b = a) and, on the other hand, the
eccentricity approaches 1 as the cross section gets increasingly oblong.

Metrics to describe helical morphology are defined using two methods, the surface-
based method (SBM) and the centerline-based method (CBM). In the SBM, the true
lumen is defined relation to the surface path of the fiducial marker guideline, as seen in
Figure 2.7 where the angular position («) and the helical radius (red arrow) are defined.
The helical angle is then defined as the difference between angular position at the distal
and proximal ends of the ROI. Helical twist is then defined as the change of angular
position in a sliding window within the ROI. An evaluation of optimal sliding window size
is described in Chapter 3. The CBM is similar but does not rely on the fiducial marker
guideline (surface path), but instead on a line that mimics this guideline starting from
the LCCA ostium and then in parallel with the centerline. Apart from the different way
of defining this line, the quantification steps are the same, however, no cross-sectional
information such as eccentricity, area and circumference can be extracted.

A B

Figure 2.7: Figure displays the methods to extract metrics for the surface and centerline-
based methods as defined in Papers D and E. Figure A shows the surface-based method
used to extract angular position, a, and helical radius, and true lumen cross-sectional
metrics (area, circumference and eccentricity), whereas Figure B shows the centerline-
based method. Note that the latter only can extract angular position, a, and helical
radius.
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3 Validation of Models and Methodology

Before applying the developed methods to patient-specific geometries, they need to be
thoroughly validated. Within the body of this thesis, two methods validation studies
have been performed using phantoms. The purpose of these studies are twofold: 1) to
quantify errors introduced and 2) to calibrate parameters. With this said, both validations
performed are specific to the metric quantified in each study, longitudinal surface curvature
and helical twist, respectively.

3.1 Phantom Design

The method validation utilizes application of the methodology on computer generated
phantoms. A phantom is, in contrast to patient-specific geometries, an artificial geometry
created for the sole purpose of the method validation. It mimics patient-specific features,
but designed based on a mathematically constrained blueprint with known analytic
solution. All phantoms for method validations are designed and built in the CAD package
CATIA V5 [42]. In Paper A three phantoms are used, representing a single aortic lumen
in a bent non-aneurysmal case (Figure 3.1A), a straight aneurysmal case (Figure 3.1B),
and finally superpositioning of these (Figure 3.1C), respectively.

In Paper D the dual lumen cross-sectional slicing algorithm is validated on six whole
aortic-true lumen combinations (true lumen as seen in Figure 3.2B inside of the whole
lumen as seen in Figure 3.2A) with various levels of analytically defined helical twist. The
LCCA is again used as the fiducial marker to form the origin of the Lagrangian cylindrical
coordinate system.
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Figure 3.1: Figure displays the three phantoms used for validation of single lumen and
longitudinal curvature quantification used in Paper A. Figure A shows a non-aneurusmal
case with a 90° bend, Figure B shows an aneurysmal case on a straight centerline, and
Figure C shows a phantom where phantoms in Figure A and B are superpositioned.
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Figure 3.2: Figure displays one out of six whole aortic-true lumen combinations used for
validation of dual lumen and helical twist quantification used in Paper D with the whole
aortic lumen part (A) and the true lumen part (B).

3.2 Error Estimation and Parameter Calibration

Depending on the application, different measurements of error is important. For example,
in Paper A the peak, mean, and RMS (root mean square) errors are computed. The
performance is closely linked to parameter settings, and especially with regards to the
sliding window size when it comes to surface curvature quantification. The window size
chosen is based on research reported in [31, 35]. In the general case a smaller window
allows the solution to better follow sharp transitions with the trade-off that it may
overshoot in the near-transition regions. In other words, a small window allows for low
RMS errors but likely introduces larger peak errors. A small window is also more sensitive
to noise, and mean errors are also expected to increase. Large window sizes may be less
sensitive to noise, but may also perform worse in near-transition regions. The validation
study showed that the curvature was underestimated by 0% to 9% at optimal settings
and tuned to be a good trade-off between with regards to accuracy and noise sensitivity.
Errors that remain are most likely due to numerical implementation and discretization.
In Paper D a similar assessment of accuracy is performed. Here, the peak error is
exclusively investigated and used in parameter tuning. In the case of helical twist, no
previous study had assessed optimal window sizes (as for curvature) and is therefore
carried out, for the surface- and the centerline-based methods, respectively. One phantom
comprises of a combination of the whole lumen, and true lumen surface models, as seen
in Figure 3.2. Even though the true lumen phantoms included three achiral parts split
by a clockwise chiral and a counterclockwise chiral part (as seen in Figure 3.2B), only
parts (II-IV) forms the basis for parameter tuning. This to equally weigh together the
performance in clockwise, counterclockwise, and achiral parts, as seen in Figure 3.3A.
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Because another study has suggested segmentation interval influences the accuracy, the
cross-sectional slicing interval is also evaluated, in addition to the window size study [43].
The results for both these parameters are visualized in Figure 3.3B with helical twist
quantification being most accurate (when excluding the sharp transition zones) with the
settings of cross-sectional slicing interval of 0.5 cm and a window size of 4 cm.
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Figure 3.3: Figure displays the results of parameter tuning for helical twist, with regards
to peak helical twist error in a region spanning parts II-IV (see Figure 3.2). Figure A
shows an example for the 0.5 cm cross-sectional slicing interval, and Figure B shows the
result for both the surface-based method (SBM) and the centerline-based (CBM) method.
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4 Explicit and Estimated Surface Curvature

As previously defined, the explicit surface curvature method correlated well with analytic
solutions for longitudinal curvature for the defined inner and outer lines as well as for
centerline curvature. The estimation method was working well for phantoms mimicking
healthy vessels, but working very poorly for those who represents diseased morphologies,
as seen in Figure 4.1. Based on these results, the surface curvature estimation method
was not applied to the patient-specific cohort, but instead only the explicit method.
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Figure 4.1: Figure shows explicit (pointwise quantified) longitudinal surface curvature
along inner and outer lines for the three computer generated phantoms (left column), and
comparison between explicit and estimated surface curvature along the length of the same
phantom (right column). Note that the surface curvature estimations are indistinguishable
from the centerline curvature for the second phantom because the centerline is straight.
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5 Applications on Patient-Specific Aortas

The established methodology (Chapter 2) was, after validation on phantoms (Chapter
3) applied on patient-specific data with clinically relevant hypotheses. In this chapter,
these applications (included in the appended papers) will be summarized. The focus is on
geometric features to describe the luminal surfaces and how TEVAR, affects the static
and dynamic conditions of the thoracic aorta.

5.1 Explicit Quantification of Longitudinal Curvature

For a cohort of 37 patient-specific diseased thoracic surfaces, this study confirmed the
hypothesis that the inner surface curvature is significantly higher than the centerline
curvature (both mean and peak values), and hence important to quantify in order to
describe surface conditions accurately. The outer longitudinal surface curvature was
not significantly different compared to the centerline curvature for the diseased thoracic
aortas, a result that was 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. An example of this is seen in Figure 5.1, where the peak inner surface
curvature is three times larger than the centerline curvature. Here it is also seen that the
inner curvature is more noisy, which is confirmed by the RMS values being significantly
greater compared to centerline RMS and outer surface curvature.
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Figure 5.1: Figure shows the absolute longitudinal curvature for one example patient
from the 37 patient cohort. Left figure displays it along the surface paths and centerline
in the 3D model, and to the right the values are plotted versus the longitudinal position
based on the centerline arc length.
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5.2 Endograft Malapposition Prediction

Based on the methods for imaging and modeling described in Section 2.1, thoracic aortic
and endograft centerlines and cross-section models were constructed to form the input for
this application. Based on the two inner curves defined in Section 2.4.2; the longitudinal
region of the proximal landing zone was defined from the point-pair gy (proximal end of
the endograft) and ag (proximal landing point) to the distal point-pair ¢; and a; (where
the threshold distance between the two curves drops below 3 mm) as seen in Figure 5.2.
Bird-beak height (BBH) was defined as the distance between gy and ag, bird-beak length

Bird-beak
Angle (BBA)

Bird-beak
Length
(BBL)

Bird-beak
Height (BBH)

Threshold
Distance (3 mm)

Proximal Landing
Point (PLP)

Effective
Diameter

Figure 5.2: 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 underlie theses metrics ag, a1, go, and g1
are visualized.

(BBL) as the Euclidean distance between gg and g1, and finally the bird-beak angle (BBA)
according to Equation (5.1)

BBA = cos™* < a'g > , (5.1)
lallllgll

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 2.5) as well as the aortic effective diameter were measured at the proximal
landing point, ag. The level of local oversizing was determined from this by comparing to
the specifications of the endograft. In general, an oversizing in the interval of 10% to 20%
is recommended for these interventions and too much oversizing (>30%) can be negative
with regards to device migration [4, 44].

Using the inner surface curvature and the effective diameter, a unitless product was
found (results seen in Figure 5.3). The rationale for defining such a dimensionless metric
was based on how tubes are constrained in bending. The inner curve needs to shorten,
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and the outer lengthen to fulfil being perpendicular to the centerline. When the outer
curve of the endograft was stretched fully, the inner curve could not contract/wrinkle to
accommodate for high inner surface curvature and bird-beaking occurs. This application
reveals that this preoperative metric was significantly higher in the group with bird-
beaking post-TEVAR (grouping with threshold BBH=5 mm). 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. [45].

BBG
Patient 1 Patient 4 Patient 5 Patient 7 Patient 9
(BBH 8.6 mm) (BBH 6.6 mm) (BBH 5.7 mm) (BBH 9.3 mm) (BBH 8.9 mm)
7 V3 W/ S\ @\
¢ & R S = .
\ % = i
: = = -
N S =
Patient 11 Patient 12 Patient 13 Pz;tient 16 Patient 19 :
(BBH 5.5 mm) (BBH 8.5 mm) (BBH 5.9 mm) (BBH 5.2 mm) (BBH 5.4 mm)
e & @ l @l 3
= = = - b=
= = s 5[
N &= £
e =
£ & :
x Efa
@ —
£l
NBBG s
-
b
3l e
Patient 2 Patient 3 Patient 6 Patient 8 Patient 10 ]
(BBH 3.3 mm) (BBH 1.6 mm) (BBH 1.4 mm) (BBH 0.8 mm) (BBH 1.2 mm)
il L\ |
% = = =~ Eﬁ’
=
& & :
S
Patient 14 Patient 15 Patient 17 Patient 18 Patient 20
(BBH 3.2 mm) (BBH 4.7 mm) (BBH 4.4 mm) (BBH 2.5 mm) (BBH 1.5 mm)
\ f)
=9 = P = N
% = = e

Figure 5.3: Figure shows the preoperative unitless metric (longitudinal inner curvature
times effective diameter) for each patient grouped in the bird-beak group (BBG) shown
in the top part, and no bird-beak group (NBBG) show in the bottom part.
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5.3 Multiaxial Dynamics Changes Due to TEVAR

The third application of the presented framework was a study on multiaxial dynamics of
the thoracic aorta. Models of thoracic aortas were constructed at ten different instants
of time during the cardiac cycle using retrospective gating as described in Section 2.1.
This was performed both before and after TEVAR, yielding a total of 20 models per
patient. The models were then defined in an Lagrangian cylindrical coordinate system
(Section 2.3) to be able to quantify longitudinal surface curvature and effective diameter
as described in Section 2.5. These metrics were then extracted and studied in different
regions, as described in Section 2.4 and further visualized in Figure 2.6. This analysis
revealed how TEVAR affected the cardiac-induced deformation of the different regions
of the thoracic aorta, and the results confirmed the hypothesis that the stented portion
exhibits a decrease in cardiac-induced deformation from pre- to post-TEVAR.

Stented aorta (average of 11 patients)
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Figure 5.4: Figure shows the results for the stented portion of the aorta, averaged for all
11 patients. The results show the multiaxial dynamics change, with longitudinal curvature
and cross-sectional diameter and eccentricity.
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5.4 Helical Morphology for Type B Dissections

After development of the dual lumen cross-sectional slicing algorithm, the two methods
for quantification of helical metrics as described in Chapter 2, and validated in Chapter
3, were applied to a cohort of 19 patients with type B aortic dissection. The results
show that the patients clustered into two distinct groups based on the helical angle (the
difference between angular position at the distal and proximal end): one where the true
lumen was achiral and followed the inner surface of the aorta (helical angle around 0°),
and another where it was right-handed chiral and propagated in a helical manner (helical
angle around —180°), as seen in Figures 5.5A and B, respectively.
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Figure 5.5: Figure displays two representative patients from each of the two clusters
with an achiral propagation (Figure A) and a chiral propagation (Figure B). The left
column shows the surface models and indicates the approximate locations of the five
cross-sectional contours shown in the top of each figure in the right column. In the right
column, the angular position and helical twist are shown for both surface-based and
centerline-based methods for each patient.
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Figure 5.6: Figures displays the probability density function (pdf) for the bimodal
description of the data set, and the data (dots along x-axis) (A), and the cumulative
distribution function (cdf) for the centerline-based method (B).

A visualization of the data for all 19 patients using both the surface and centerline-
based methods are seen in Figure 5.6A. To further investigate the bimodality of the data,
the cumulative distribution function of the measured data was compared to a bimodal
and a normal description, respectively, as seen in Figure 5.6B. The fact that the bimodal
description (blue line) seemed to fit the data (black line) much better than a normal
distribution (red line) was supported with the results from a one-sample Kolmogorov-
Smirnov test [46]: For the bimodal description, the fit was p=0.999 (SBM) and 0.996
(CBM) while the normal distribution model showed p=0.127 (SBM) and p=0.208 (CBM).
To make this assessment of bimodality more comprehensive, Ashman’s D was computed
for all metrics. Ashman’s D is a measurement of clean separation between two groups
in a bimodal distribution, and all metrics except helical radius were greater than the
threshold of 2 for both methods, indicating distinct bimodality [47].

The finding of chiral propagation pattern is similar to other observations in nature
such as: biological homochirality (Pasteur [48]), twinning tree trunks (Darwin [49]), and
the double helix deoxyribonucleic acid (DNA) structure (Watson and Crick [50]). In
the case of spiraling dissections, we speculate it to be influenced by factors presented
in previous findings about the aortic root dynamics, the helical blood flow pattern in
the aorta but also by the orientation of fibres in the medial layers of the thoracic aorta
[51-54].

5.5 TEVAR Influence on Helical and Cross-Sectional
Morphology for Type B Dissections

By combining the dual lumen cross-sectional slicing algorithm with pre- to post-TEVAR
region definition (as described in Chapter 2 and seen in Figure 2.7) the hypothesis of
how TEVAR influences the helical and cross-sectional metrics could be tested. Models
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were built for 16 patients based on CT-scans before and after TEVAR. By using the SBM
introduced in Chapter 2 a comprehensive set of metrics could be quantified. This included
helical metrics (helical angle, average and peak helical twists, and average helical radius),
and cross-sectional metrics (average true lumen eccentricity, average true lumen area, and
average true lumen circumference). Two subgroup analyses were also performed: one
based on acuity and one on pre-TEVAR chirality (with a threshold of helical angle=—90°).
For the cohort as a whole, TEVAR decreased the average helical radius and average true
lumen eccentricity, and increased the average true lumen area and average true lumen
circumference. The subgrouping based on acuity revealed that the average true lumen
circumference does not increase for chronic cases. From the subgroup analysis based on
chirality, the distinct grouping between achiral and chiral subgroups found before TEVAR
vanished after TEVAR. This is visualized for one case in Figure 5.7, where we can observe
some of the effects earlier mentioned; decreased helical radius (the centroids are almost
on top of each other post-TEVAR), decreased eccentricity (post-TEVAR is more round),
and an increase of true lumen area and circumference. These are all changes that are
favourable for flow based on centerline path and cross-sectional shape and area [55-57].

A Pre-TEVAR

Figure 5.7: Figure shows an example of pre-TEVAR (A) and post-TEVAR (B) geometries.
The collapsed true lumen pre-TEVAR is expanded and due to favourable remodeling of
the false lumen (which is entirely decimated in this case).
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6 Summary of Results

The results presented throughout Chapters 3-5 are herein summarized.

Firstly, methods for geometric modeling including a cross-sectional slicing algorithm
capable of inputting single or dual lumen configurations were developed to match the
pathologies of diseased thoracic aortas. Description in a Lagrangian cylindrical coordinate
system allowed for pointwise tracking of the surfaces. A set of metrics to comprehensively
describe morphology of luminal surfaces were introduced and validated on phantoms to
ensure accuracy before applied to patient-specific cases.

Secondly, based on a phantom study, longitudinal surface curvature can be relatively
well estimated based on centerline curvature and radii for phantoms mimicking non-
diseased thoracic aortas. However, when applied on phantoms mimicking diseased thoracic
aortas, the performance were far from acceptable. Therefore, this estimation method
should not be used on diseased patient-specific aortas.

Thirdly, inner surface curvature magnitudes are significantly greater than centerline
curvatures for diseased thoracic aortas which makes a crucial difference when describing
boundary conditions for endografts, which are placed on the luminal aortic surfaces.

Fourthly, a predictive method relying on explicit inner longitudinal surface curva-
ture and cross-sectional metrics was developed. This method can preoperatively give
recommendations on optimal landing zones in order to avoid device malapposition.

Fifthly, the effects of TEVAR on multiaxial aortic motion have shown to be stiffening,
i.e., decreased longitudinal surface curvature deformation and cross-sectional deformation
in the stented segment, which result in increased deformation for non-stented portions.

Sixthly, true lumen morphology for dissected thoracic aortas and helical metrics could
be quantified. Initial studies show that luminal surfaces of thoracic aortas with type B
dissection favors two modes of chirality as they propagate inside the whole aorta: they
are either achiral and stay on the inner curve, or they are exclusively right-handed chiral
and spirals clockwise distally.

Finally, TEVAR has shown to alter both helical and cross-sectional properties to, in
most cases, a more favourable state for lower blood flow resistance. Subgroup analyses
reveal that acute and chronic dissections were not improved to the same extent, and
preoperative sub-grouping based on chirality vanished after TEVAR.
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7 Discussion

Without going all the way back to Da Vinci’s remarkable insights on anatomy and
physiology already during the 16?" century or even further [58], let’s try to put our era of
highly technically-oriented medicine, and the contents of this thesis, into perspective by
glancing at some breakthroughs from the last century.

Since Rontgen’s first x-ray image in 1895 [59], imaging quality has improved expo-
nentially with a growing number of modalities and unprecedented accuracy and patient
safety. Halfway though these 120 years of improvements in imaging and radiology, the
application to blood vessel imaging, angiography, started to become widely used thanks
to Seldinger who outlined his Seldinger technique in 1953 [60].

In 1959 Nitinol was invented at the Naval Ordnance Laboratory but it would not be
until 1986 this nickel-titanium alloy and its shape-preserving and superelastic properties
was utilized successfully as a part of treating coronary artery disease when Wallstén’s
self-expanding Wallstent® was implanted by percutaneous coronary intervention [61-63].

The boundaries were yet again to be pushed as pioneers like Volodos who described
endovascular aortic repair in 1986, Parodi who used stent grafts to treat abdominal aortic
aneurysm in 1990, and maybe more relevant in this thesis, when Dake placed an endograft
to treat a descending thoracic aortic aneurysm in 1992 [25-27]. The devices used were
modified stents where the graft material was added by the surgeons. These first ad hoc
type endografts has then evolved and today there is a wide range of device types with
most being intended for off-the-shelf use and in some cases with modifications or even
being built customized for the patient-specific anatomy from the factory.

Geometric modeling can be the glue that allows for synergistic improvements of imaging,
devices, and surgical techniques to allow for better procedural outcomes, and tying together
these parts has never been more relevant, as technology is taking incrementally larger place
in the vascular surgery speciality (and in medicine in general). The work presented in this
thesis gives an example of how geometrical modeling can be used with the interdisciplinary
collaboration at its core. The focus is on development of tools to allow for investigation
of clinically relevant hypotheses. We show that automatic tools for cross-sectional slicing
and quantification of surface metrics for single and dual lumina of thoracic aortas can
be developed, validated, and applied in patient-specific cases. We perform and present
studies to investigate geometric properties and morphology of diseased thoracic aortas,
and how TEVAR changes these. The discovery of true lumen chiral bimodality, and
how this phenomena is seen throughout nature reminds us that the human body is a
biological system with a design intertwined with the very fabric of nature (see Figure 7.1
for a creative illustration giving a nod to this). Profound understanding of anatomy and
pathology is fundamental in order to improve treatments. In this thesis, it is evaluated
how TEVAR alters morphology relevant for the physiological function of the aorta. It is
evident that TEVAR may not just have a local influence, but rather alters the dynamic
conditions and the overall function for the whole thoracic aorta. The established geometric
modeling methods form a good basis for further research studies based on observations in
the clinic, this is further elaborated on in Section 8.

When the rapid development of artificial intelligence and machine learning ultimately
arrives to a point where they surpass the accuracy of manual and semi-manual vessel
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segmentation methods, the work presented in this thesis can come to good use. This since
the outlined geometric modeling methodology accepts arbitrary surface input in the form
of triangulated 3D surfaces (STL format) and is designed to be a wide foundation and
ultimately bridging to the clinical setting. It is uncertain when we arrive to this point,
but it is likely that it will bring a new paradigm in vessel segmentation. This may lead to
breakthroughs that qualify for being mentioned in the context of the scientists, vascular
surgeons, interventional radiologists, and engineers among who listed above. Every step,
big and small, contributes to paving the way for the increasingly sophisticated treatments
and endografts of tomorrow.

To conclude, the work summarized in this thesis contributes to the three aims of the
project: 1) it has added knowledge about pathology and morphological implications on
pathophysiology for dissections, 2) it has given insight valuable for clinicians in their
treatment planning, 3) and it has provided medical device manufacturers with more
nuanced boundary conditions to assist design improvements.

Figure 7.1: Illustration of a thoracic aorta after thoracic endovascular repair of a type B
dissection including a distal portion inspired by the findings in Paper D and twinning
tree trunks, like the ones Darwin observed [49].
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8 Future Work

The work presented in appended Papers A-E, summarized in this thesis, has several
natural continuations achieved by application of validated methodology for additional
hypotheses and generalization to broaden the usability. With this said, the proposed
future work is a moving target and especially the more clinically-oriented projects are
subject to change. The future work can be categorized in three groups: 1) continuation,
2) helical morphology modeling, and 3) clinical implications/device related, as seen in
Figure 8.1.

I Cross-sectional slicing and surface description, Paper A, Paper D I

Endograft malapposition,
Paper B

Generalize cross-sectional
slicing algorithm

True lumen helical
morphology and chirality,
Paper D

Larger cohort study, Larger Cohort study,
Whole surface curvature including inter-device aortic remodeling after TEVAR influence on helical Cl 1 licati
dynamics variability TEVAR morphology, Paper E Haite lmf’ MR

Figure 8.1: A schematic overview of the relationship between research in thesis (dark
grey) and proposed future projects (light grey), ¢f. Figure 1.3.

Longitudinal surface
curvature, Paper A

TEVAR influence on aortic
dynamics, Paper C

In the continuation group we have the direct continuations and generalizations 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. With this, local curvature peaks can be evaluated and compared between pre- and
post-TEVAR states. For Paper B, we envision 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
solely on Paper C is to conduct a larger cohort study focusing on aortic remodeling after
TEVAR, possibly even with monitored blood pressure to study hemodynamic effects.

In the helical morphology modeling group we have generalization of the cross-sectional
slicing algorithm developed in Paper A and refined in Paper D. It would be possible to
describe dual lumen pathology in the the ascending aorta (Type A dissections) and distal
branch vessels, to arrive to a comprehensive model of true and false lumen interaction
model involving the whole vasculature. Altogether, we have the following research
questions related to helical modeling and dissection pathology:

e Would the helical angle of patients in a larger cohort of type B dissections also
cluster into these two distinct groups (achiral and right-handed chiral)?

e Would type A dissections have a similar grouping of exclusively right-handed chiral
or achiral propagation patterns as seen for type B aortic dissections?

e From a mechanistic standpoint; why do some dissections have a chiral propagation
pattern, and some not?
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Utilizing the full capabilities of the quantification toolbox developed and validated in
this thesis, there are several possibilities for projects in the clinical implications/device
related group. Complications due to excessive oversizing in dissection patients have
recently been reported with examples such as retrograde type A dissections rising from
the proximal landing zone and distal stent induced new entry (SINE) tears [64-66]. A
SINE occurs when the radial force of the endograft at the distal end is so large that it
protrudes the vessel wall creating a tear. Oversizing based on circumference could be
preferred for thoracic cases (¢f. abdominal cases in [40, 41]) resulting in etiology-specific
recommendations to help reducing the risk for complications. Related to oversizing and
configuration of endografts, a study on how the flow lumen is affected is also proposed.
In some cases, multiple endografts are used in an overlapping configuration to create a
longer endografted portion, but sometimes also to achieve a stepwise taper. This may
be especially important in chronic dissections, where the vessel wall is less pliable and
the true lumen is tapered [19, 20]. In the current project, cases with partially deployed
endografts in overlapping configurations have been observed and these seem to cause
local narrowing of the flow lumen as a consequence. As visualized in Figure 8.2B, it is
seen that the shaded area between the abluminal (outer endograft surface) and luminal
(inner endograft surface) surfaces is a volume obstructed by endograft material. This local
narrowing creates a discontinuity of the flow lumen which can disturb the laminar blood
flow and create recirculation zones, which are expected to increase risk for thrombus
formation [67]. Additionally, these situations can also be of interest from a durability
perspective as endografts cannot deploy fully (with high levels of measured oversizing
post-TEVAR, as seen in Figure 8.2B) and potentially exhibit a higher mean stress than
what they are designed for. This project will use the methods for pointwise surface
tracking to determine the risks associated with different device configurations, types and
sizes to, in the spirit of this thesis, aid clinicians in the treatment planning and provide
insights valuable for further improvement of endovascular devices.
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Figure 8.2: Figures AI and AII shows cross-sectional views, and AIII shows a 3D rendering
of a cross-sectional contour in the distal end of the portion with overlapping endografts.
Figure B shows cross-sectional area for the pre-TEVAR luminal surface as well as post-
TEVAR luminal and abluminal surfaces and oversizing computed post-TEVAR.
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