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Abstract

The impact of thoracic endovascular aortic repair (TEVAR) on the dynamic aortic environment
remains unclear. In fact the introduction of a rigid metallic stent-graft into an elastic vessel
exposed to high dynamic and cyclic loads can produce variation in the usual behaviour of the
aorta and such a behaviour deserves to be investigated in a deep and exhaustive manner.

The aim of this thesis is therefore to supply an automatic tool, tailored on the thoracic aorta, to
segment and geometrically analyse the vessel, trying to deepen the knowledge in the field of aortic
dynamic changes particularly in the presence of thoracic aortic pathologies treated with TEVAR.
The workflow to achieve our goal is mainly composed by three subsequent steps: segmentation,
automatic identification of section of interest, and vessel geometric quantification through the
computation of static and dynamic measures.

In detail chapter one will introduce the anatomy and the physiology of the thoracic aorta along
with the main aortic pathologies and the recent surgical treatments.

Chapter two will focus on providing a summary of the literature concerning the morphological
characterization of vascular networks exploiting both static and dynamic medical images.

Chapter three will describe the implemented pipeline used to pre-process and segment the
images of our target dataset made up of 4D-CTA computed tomographic angiography of the
thoracic aorta pre- and post-TEVAR. The method is based on a custom modification of the level
set method and the colliding front initialisation, in order to let the thoracic aorta be segmented
in one goal.

Chapter four is the core of this work and it describes the automatic tool to geometrically
quantify the aortic dynamic changes. Sections and regions of particular clinical interest are auto-
matically identified exploiting the concept of centerline and quantitative indexes related to sections
and regions of interest such as: area, diameter and length are computed, these geometrical quan-
tities are tracked to analyse the changes experienced by the aorta during an entire hearth cycle.

Chapter five shows the results obtained using the automatic tool on two type of dataset one
composed of aneurysmatic patients and the other composed of dissected patients plus a healthy

control case.
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Appendix A contains a side work, the aim of this work is to reproduce a virtual TEVAR
procedure based on pre-operative images and to validate this procedure through a computational
fluid dynamics study.

Appendix B simply summarizes a series of definition of indexes used in the geometry quantifi-

cation approach.





































































1.1. Aorta anatomy, physiology and pathology
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Figure 1.2: The thoracic aorta. In this picture are emphasized the three supra-aortic
branches - i.e., the brachiocephalic trunk, the left common carotid artery, and left
subclavian artery. The figure shows also the coronary arteries (left and right coronary
arteries). Those arteries are responsible to carry the oxygenated blood to the heart.

Figure 1.3: The aortic root.

components to a tube graft that supplies support to the repaired sinotubular junction may also

correct aortic insufficiency from an aortic dissection.
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Figure 1.5: Structural organization and composition of the three different layers in the
coronary vessel wall.

complex and heterogeneous structure. These pathological changes are associated with alterations
in the mechanical properties, which differ significantly from those of healthy arteries. Finally, it
is separated from the media by the internal elastic lamina, which is often considered to be part of

it.

1.2.2 The media

Tunica media is the middle and thickest layer of the artery, i.e, from 0.1 to 0.5mm, made of
smooth muscle cells, elastin and collagen immersed into an aqueous ground substance containing
proteoglycans, known as matrix. Such fibers are arranged in repetitive lamellar units separated by
thin fenestrated sheets of elastin, forming concentric medial layers. The thickness of such units is
nearly independent of the radial location across the wall, but their number decrease as the distance
from the heart increases, so that the lamellar units found absent in small muscular arteries. The
laminated structure confers high strength to the media and explains how such a layer determines
the mechanical properties of the whole vessel wall. In the media, collagen fibers are aligned along
the circumferential direction with a very little dispersion. This structural arrangement gives the
media the ability to carry loads in the circumferential direction. Apparently, the distribution
of collagen does not show changes in atherosclerotic arteries. The media is separated from the

adventitia by the external elastic lamina.
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Figure 1.6: In figure is depicted an example of aortic dissection of the descending
aorta. The picture highlights the entry tear, where the false lumen originates (left
side) and the formation of a false and a true lumen after dissection has developed. In
the false lumen the blood tends to clot as depicted in figure (right side).

Stanford classification’s popularity and success are based on simple and generally quite reliable
issues, as flaps are easily imaged. Stanford type A includes all dissections involving the ascending
aorta, regardless of site of origin or the location of the intimal tear. Stanford type B includes all
dissections not involving the ascending aorta

Type A patients are more likely to be younger than type B patients (average age, 60 years
versus 70 years) and have a predisposing congenital (bicuspid aortic valve), hereditary (Marfan
syndrome), or inflammatory (giant cell aortitis or Takayasu’s aortitis) condition. Type A patients

are less likely to have a history of hypertension than are type B patients (30% versus 71%).

Disease progression

The mortality related to AAD is a consequence of complications. Complications such as rupture,
tamponade, acute aortic insufficiency (AI), and myocardial ischemia confer hemodynamic insta-
bility, which remains the dominant predictor of untreated and surgical mortality. Early diagnosis
of and surgery for type A AAD is critical to avoid hemodynamic instability. Complications confer
high risk and must be identified to manage cases appropriately: proximal AAD with complications
must be considered for a hastened surgical repair; distal AAD cases with complications should be
considered for prompt surgical (and potentially endovascular) repair, rather than ongoing medi-

cal management. Rupture is a dreaded occurrence with any form of aortic dissection. As both
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Figure 1.7: The Stanford classification of aortic dissection. Stanford type A includes
aortic dissections that involve the ascending aorta (with or without involvement of
the transverse and descending thoracic aorta. Stanford type B includes aortic dissec-
tions that originate in the descending (and thoracoabdominal) aorta, regardless of any
retrograde involvement of the arch.

Figure 1.8: Type A AAD pathogenesis. The most common form of AAD originates in
the aortic root; typically, a tear develops 2 cm above the right cusp of the aortic valve
on the outside curvature of the aorta and allows entry of luminal blood into the wall,
with formation and propagation of a false lumen that cleaves between concentric layers
of elastin sheets, distally down to the aortic bifurcation, usually into the common iliac
artery. The intimal flap is typically very mobile.

Figure 1.9: Type B AAD pathogenesis. The second most common form of AAD
originates in the descending aorta; typically, a tear develops a few centimeters distal
to the left subclavian artery origin and allows entry of luminal blood into the wall, with
formation and propagation of a false lumen, usually down to the aortic bifurcation. The
false lumen typically extends retrograde only a few centimeters to the left subclavian
artery ostium. The intimal flap is typically very mobile.

proximal and distal dissection is likely to extend distally to the aorto-iliac bifurcation. Type A

(proximal) AAD is more likely to become complicated and exposes the heart to the development
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Figure 1.10: Thoracic or thoraco-abdominal aneurysm (TAA or TAAA). TAA are
dilation of the thoracic aortic vessel similar to the more common abdominal aortic
aneurysm. TAA and TAAA can get progressively larger, and if big enough, rupture
with high risk of bleeding and subsequent hypovolemic shock, leading to death.

aneurysm describes an aneurysm extending across the diaphragm. These terms have more util-
ity for recognition and planning of intervention than they do for establishing etiology. Many
aneurysms are so complex, atypical, or extensive that they are not well described by any single

term.

Disease progression

The natural history of aortic aneurysm is influenced by aneurysm size (diameter), rate of ex-
pansion, location, complications (aortic insufficiency, rupture, dissection, thrombosis), associated
factors (bicuspid aortic valves, concurrent hypertension, smoking), and underlying causes (Marfan
syndrome, Ehlers-Danlos syndrome, infection, inflammation, or atherosclerosis).

Potential complications of aortic aneurysm include rupture into an adjacent space (pericardial
space, mediastinum, left pleural space, or retroperitoneum), into a cardiac cavity (fistula), into
an adjacent vessel (pulmonary artery or inferior vena cava), or into another space (trachea);
dissection; embolism of thrombus; compression of an adjacent structure, such as bronchus, bone,

or recurrent laryngeal nerve; and distortion of the aortic valve and secondary aortic insufficiency
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(sinus of Valsalva aneurysms, aortic root aneurysms, annuloaortic ectasia).

The yearly complication rate is influenced by thoracic aneurysm diameter. Assessment of
aneurysm size by different modalities (echocardiography, transesophageal echocardiography [TEE],
computed tomography [CT], magnetic resonance imaging [MRI]) may yield differences. There is
invariably some degree of interobserver and intraobserver variation for each modality of testing, as
evidenced by a reduction in size on follow-up testing. Sizing of aneurysms with respect to operative
threshold applies only to asymptomatic aneurysms, not to symptomatic aneurysms. Aneurysms
grow progressively at an approximate average overall rate of 1.2mm/year. Larger aneurysms
expand faster than smaller ones, the descending aorta expands faster (0.19 c¢m/year) than the
ascending aorta (0.07 cm/year), and the abdominal aorta expands the fastest (3.9+3.2mm/year).
Therefore, it is only an issue of time before aneurysms achieve a size of clinical risk.

Surgery for a thoracic aortic aneurysm is planned based on many factors. These include
location of the aneurysm, such as the ascending or descending part of the aorta, the size of the
aneurysm - i.e., repair might be recommended if an aneurysm is 5.5 to 6.0cm in diameter -,
whether the aneurysm is part of a genetic problem, such as Marfan’s syndrome, and whether the
patient needs another heart surgery such as a heart valve replacement surgery. Open surgery and
the less invasive procedure, called endovascular repair, are the two options for repairing a thoracic
aortic aneurysm. The choice of repair can depend on the size and location of the aneurysm, but

also on the patient age and clinical history.

Incidence and mortality

The true incidence of aneurysms of the thoracic aorta is unknown because of under-detection, but
it is estimated to be 60 to 100 million. The mean age at diagnosis is 59 to 69 years. There is male
gender predominance, with a ratio of two male for one female. The arch segment is less commonly
involved (10%) and the ascending aorta is slightly more frequently involved than is the descending
segment (40%). Abdominal aortic aneurysm remains an underdetected lesion of enormous cost
in morbidity, mortality, and finance. AAA is the tenth leading cause of death in adult men.
About 15.000 deaths per year in the United States are recognized to be due to AAA; the true
number is higher because prehospital, often sudden death is often not accounted for. Although
elective surgical repair in low-risk cases carries an average 6% mortality, the mortality of operating
on ruptured AAAs averages 50% (40% to 95%), although survivors can do well. In the United
States, 40.000 abdominal aortic reconstructions are performed per year, leading to more than a
billion dollars of in-hospital costs. There is no universally accepted single definition of AAA. Most
often, though, it refers to a localized dilation of the abdominal aorta (usually infrarenal) with an
increase in diameter of 150% or more of expected (typical value used for defining an AAA is > 3 cm,

although some studies have used > 3.5¢m and even > 4.0cm). All layers of the wall are present.
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Figure 1.11: Modern day computed tomographic aortography angiography (CTA) of
the aorta, transversal view. This image has been produced after injection of contrast
medium to enhance thoracic aorta.

are positive values between that of connective tissue and that of calcium.

Scanners today available in the clinical context allow in-plane resolution 0.5mm and slice
thickness of less than 1mm in a single breathhold, this is possible thanks to the high temporal
resolution, CTA is acquired with a fast scanning times (15 to 20 seconds).

CTA is an imaging technique with advantages and disadvantages. Main advantages are non-
invasivity of the technique, low scanning time that enable the usage of CTA in acute clinical
settings and for old and painful patients, and the usage of a variety of imaging techniques such as
multiplanar reconstructions, volume rendered (VR) images, and maximum intensity projections
(MIP).

Although widely employed in the clinical practice, CT angiography presents also some disad-
vantages related to the X-ray dose absorbed by the patient and the contrast agents employed,

which are iodinated and may include risks of nephropathy and allergy.

4D-CTA: time resolved computed tomography angiography

Radiological imaging is moving to full four-dimensional data acquisition. The development of
CTA with retrospective ECG gating has been driven by coronary artery CTA, but it also provides
significant benefits to imaging of the thoracic aorta. Retrospective ECG gating or ECG synchro-
nization virtually eliminates cardiac pulsation artifacts and has therefore extended the clinical
applicability of CTA to finally also include the aortic root. Moreover, ECG gating allows cardiac

phase-resolved (‘time-resolved’) cine imaging and visualization, adding a ‘fourth dimension’ (4D)
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to this technique - i.e., it is possible to obtain images at different time points during the cardiac
cycle. A minimum temporal resolution of eight phases per cardiac cycle can give an adequate

perspective of the aortic dynamics.

ECG-Gated CTA 8 CTA images

Figure 1.12: 4D computed tomographic aortography angiography (4D-CTA) of the
aorta. ECG-gated image acquisition can help in gather aortic dynamic changes. In
fact, as visible in the picture on the rigth side, it is possible to acquire multiple CTA
of a specific patient at different point along the entire hearth cycle, carrying therefore
information on specific time instant.

An immediate clinical benefit of motion-free 3D imaging of the thoracic aorta is improved
visualization and thus characterization of acute aortic dissection and its variants. In addition to
the ability to visualize a dissection flap all the way to the aortic root and into the coronary arteries,
it has become possible to precisely localize the site of intimal tears, which is increasingly important
in the stent-graft era. Furthermore, motion-free images allow the detection of less-common, subtle
but clinically equally important intimal lesions, which have been notoriously difficult to detect in

vivo with any imaging modality.

1.4.2 Image representation and handling

The 3D images acquired with different imaging techniques, usually in the form of stacks of 2D
images, are stored on workstations linked to the scanners of the machine, and must be transferred
to calculators for processing. This processing has to be done without loss of information. In fact,
the number of gray levels, that represents medical images, is greater than 256, 8-bit image formats,
and this type of images can not be held by a classical image extension, such as TIFF or PNG.
Moreover the imaging machines offer the capability to give back lots of information: patient’s name,
date of acquisition, type of investigation, resolution, position and more. All those information need
to be stored within the image and have to be easily accessible. The need of a consistent way to
handle such amounts of data has led to the definition of a standard for communication and storage
of medical image data, the DICOM (DIgital COmmunication in Medicine) format. DICOM is a
standard for handling, storing, printing, and transmitting information in medical imaging. It
includes a file format definition and a network communications protocol. The communication
protocol is an application protocol that uses TCP/IP to communicate between systems. DICOM

files can be exchanged between two entities that are capable of receiving image and patient data in
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aneurysms with endovascular stent grafts by Dake and colleagues in 1994, conventional open
surgery was the only effective treatment of thoracic aortic disease. During the last decade, the
confluence of refined endovascular techniques and improved devices combined with widespread
commercial availability of stent grafts has fueled an explosion of centers that offer endovascular
stent grafting to treat a wide range of thoracic aortic disease. The desire to avoid the morbidity
associated with traditional open repair has broadened both the spectrum of thoracic aortic dis-
eases treated and the segments of the proximal and distal aorta deemed suitable for stent grafting.
Endovascular surgeons currently have the ability to stent the thoracic aorta from the distal aortic
arch down to the aortic bifurcation. Specialized centers are also gaining experience with stent
grafting of the aortic arch and, in very select cases, the ascending aorta. The procedure is carried
out in a sterile environment under x-ray fluoroscopic guidance. It can be performed under general,
regional (spinal or epidural) or even local anesthesia. Access to the patient’s femoral arteries can
be with surgical incisions or percutaneously in the groin on both sides. Vascular sheaths are intro-
duced into the patient’s femoral arteries, through which guidewires, catheters and the endograft
are passed. With most devices, the "main body" of the endograft is placed first, followed by the
"limbs" which join the main body. The endograft acts as an artificial lumen for blood to flow
through, protecting the surrounding regions. This in aneurysm reduces the pressure inside the
sac, and helps the sac to thrombose and shrink in size over time. For the dissection the graft helps

to restore perfusion to the true lumen and to cover the site of the primary intimal tear.

1.6 TEVAR: problems related and open issues

Although endovascular aortic repair seems promising, it has still some not negligible drawbacks
and there are no prospective, randomized clinical trials comparing open surgical and endovascular
repair for thoracic aortic diseases. Some example of introduced complications by stent graft appo-
sition, distinct from those observed after open surgical repair, are: side branch coverage, endoleak,
graft collapse, graft migration, retrograde aortic dissection, aortic rupture (stent strut), access
complications, iliac rupture, iliac dissection, contrast-induced renal failure, and reintervention.
The requirement for frequent postintervention imaging also exposes patients to both repeated
high doses of radiation and intravenous contrast material. The long-term durability of stent grafts
has also not been firmly established. In many cases, to allow a suitable proximal seal zone, the
left subclavian artery is covered by the proximal end of the stent graft. These cases extend the
limits of stent graft therapy because many of the patients are young with small aortic diameters,
small access vessels, and a narrow inner radius of the aortic arch. If the side branches are covered
then the revascularization, for example, of the left common carotid artery and/or the left subcla-

vian artery from the innominate artery or the right common carotid artery need to be addressed.
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Chapter 2

(zeometric characterization of the

aorta from patient-specific images:

State of the art

Morphological characterization of vascular districts while in principle may be available, most
of the time is time consuming and laborious, especially in clinical settings, where is commonly
performed by hand. This is a limitation that needs to be overcame since quantitative evaluation
of 3D morphology has to rely upon solid computational geometry criteria in order to be able to
deal with high inter-patient variability of vascular network and to return reliable results needed
for clinical evaluation. The aim of this thesis is the development of a computational tool for
the 3D segmentation and morphological characterization of vascular networks, in particular its
application to 4-dimensional data-sets of the thoracic aorta in patients affected by aneurysms and
dissections both in pre- and post-operative conditions. Before describing the single steps that form
the whole pipeline we would produce and overview of the state of the art of available tool for the

morphological characterization of vascular networks.

2.1 Morphological characterization of vascular networks ex-

ploiting static medical images

Common exploited images technique for produce static imaging of the aorta are computed to-
mography angiography (CTA) or magnetic resonance imaging (MRI). These techniques have been
used to assess rupture risk of aortic aneurysm or to evaluate planning of (thoracic) endovascular

aortic repair (TEVAR or EVAR).
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563. THREE-DIMENSIONAL AORTIC MODEL: FROM IMAGES TO PATIENT SPECIFIC 3D RECONSTRUCTION

image can be defined as a function I(x) from R — R; i.e., to any point x in the domain R3 (the
spatial coordinates) I associates a scalar value called the intensity or grey level of the image at
that point. A digital image is, therefore, an array of numbers that represents the distribution of

the continuous signal both in space and intensity.
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Figure 3.1: Computed tomography angiography (CTA) of the chest and abdomen. The
image is composed by a large serial 3D array of data values, defined as I(x), where
x € R? are the spatial (plane) coordinates, and the amplitude of I at any coordinates
x is called the intensity or grey level of the image at that point.

In the discrete space, a digital image is a function I(m,n) where I is the intensity of the
pixel and m and n define the position of the pixels in the image grid composed by M rows and
N columns. The intensity levels or grey levels of the image are quantized into P discrete levels
form 0 to P — 1, to each couple (m,n) corresponds its discrete P grey level. A commonly used
quantity in image enhancement is the histogram of the image. The histogram of a digital image
is a operator that counts the number of pixels in the image that have the same intensity level. It

is defined as follows:

M—-1N-1
h(i):ZZé(I(m,n)—i) i=0,1,...,P—1 (3.1)
m=0 n=0
where
1 ifw=0,
6(w) =

0 otherwise,

Methods for image enhancing are primarily based on two categories, one that operates on
pixels and the other that operates locally. For our purpose we will use only the local operators.

Local operators act on the original image pixel by pixel providing a new value for each pixel based
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of @y at the lumen boundary permit to initialize the surface of the vessel in close proximity to the
boundary of the lumen, especially for high enhanced vessel with respect to background. When
the signal-to-background ratio is not high, the slowdown of the wave front at the lumen boundary
might be not sufficient to initialize properly the vessel. In this case, the set-up of a threshold to

guide the wave propagation within a range of intensity would be desirable.

N

Figure 3.7: Colliding fronts initialization. Negative where the two waves travel in
opposite direction (the first approximation of the vessel), positive otherwise (in par-
ticular, side branches which are thus excluded).

Figure 3.8: Colliding fronts initialization. On figure the two seeds from which the
colliding fronts will propagate are depicted (red dots). The red box is highlighted and
the colliding front initialization between the two seeds is showed.
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-0.852

Figure 4.1: Left: thoracic aorta model surface. Right: embedded Voronoi diagram
(colored surface) and internal Delaunay tetrahedra boundary (transparent surface).
Colors map R, which is the radius of Voronoi spheres.

dral, therefore computing the Delaunay tessellation of a non-convex object, as vessels can be, will
not assure to tetrahedralize only the inner part of the object.

The Voronoi diagram is, therefore, not defined only inside the volume under investigation but
in the entire 3D space; this leads to the necessity of distinguish between internal and external
Voronoi diagram.

This task is tackled removing from the Delaunay tessellation all the tetrahedral falling outside
the vessel with their circumcenter and constructing then only those Voronoi polygons whose vertex
loop are complete. Form a practical point of view to remove the outer tetrahedral it is useful to
compute the normal at the vessel’s surface vertex and then to orient it outward. The tetrahedron

T; will be removed if its circumcenter is laying outside €2:

(p; —¢j)-my >0 Vp; €Ty, j=1,2,34

where c¢; are the circumcenter of 7T; and nj are the outward surface normals defined on the
vertexes p; of the tetrahedron.
Now we deal with the internal Voronoi diagram that is a non-manifold surface composed by

convex polygons whose vertexes are the circumcenters of the Delaunay tetrahedra and the centers
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UpNormal_Pre
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Figure 4.6: FEuler angles representing rotations about UpNormal?™®, N, and
UpNormal?®** axes. The Normal?"¢,Cross?™¢, UpNormal?" (original) system is
shown in blue, the Normalt™*"*f Crosst"*"*f UpNormal'™®"*/ (rotated) system is
shown in red. The line of nodes (N) is shown in green.
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Figure 4.8: Example of outer contour lines are depicted in figure for the ascending and
descending aorta.
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Figure 4.9: Automatic surface sectioning. Section A represents the level of the sino-
tubular junction (STJ). On the left side are depicted 30 sections thet cut the proximal
aorta from the valvular plane upward (1mm spaced). On the right side local minima of
the difference in area between the sections return the STJ section. Section A indicates
the begin of the ascending aorta that is comprised between STJ and the innominate
artery.
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Figure 4.13: Automatic surface sectioning. All the automatically computed sections
A, B, C, D, E, and F depicted with the length of interest identified between sections
A and B (length L1) the ascending aorta, between sections B and C (length L2) the
aortic arch, and between sections C and F (length L3) the descending aorta. Total
length L is computed between sections A and F, the entire thoracic aorta.
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Figure 4.14: Automatic geometric analysis. Left side depicts the 3D model with
numbered the seven seed points required to initialise the centerline. The figure central
to the panel depicts the 3D model and the six centerlines. The right side of the panel
shows the 3D model of the aorta with the six sections A-F indicated: A, level of the
STJ; B, 1 cm proximal to brachiocephalic trunk; C, left subclavian artery (LSA), D, 10
cm distal to LSA; E, 20 cm distal to LSA, and F, level of celiac bifurcation. The right
panel shows also the centreline subdivision into three regions: L1, ascending aorta
(blue line, between sections A and B); L2, aortic arch (green line, between sections B
and C); and L3, descending aorta (red line, between sections C and F).
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Figure 5.2: Aortic length changes of L, L1, L2 and L3 for patients 3 and 4 before
and after TEVAR are depicted in figures. It is worth noting that patient 4 has not
been analysed after stent-graft deployment, this is due to the high morphological
characteristics of the aorta after-TEVAR that did not permit to perform a precise and
reliable analysis.
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Figure 5.3: Aortic length changes of L, L1, L2 and L3 for patients 5 and 6 before and
after TEVAR are depicted in figures.
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5. RESULTS

Figure 5.4: Aortic length changes of L, L1, L2 and L3 for patients 7 and 8 before and

after TEVAR are depicted in figures.
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Table 5.4: Values of length changes pre- and post-TEVAR. The values are stratified
based on the stent coverage. Thoracic aorta length changes are displayed as function
of stent-graft, we here report length changes before the graft pre- and post-TEVAR,
inside the graft, and after the graft for the eight patients affected by thoracic aneurysm.

Patient before graft inside graft after graft
location pre-TEVAR post-TEVAR | location pre-TEVAR post-TEVAR | location pre-TEVAR post-TEVAR

1 L2 4.9 6.4 L3 3.9 3.9

2 L2 6.8 9.0 L3 4.8 3.8

3 L2 6.6 8.5 L3 5.6 3.0

4 L2 9.2 L3 3.2

5 L2 4.9 4.8 L3 2.3 14

6 L1 4.3 5.9 L2 6.0 6.7 L3 14 3.7

7 L2 4.7 5.2 L3 1.2 8.0

8 L1 5.6 15.6 L2 9.5 8.8 L3 2.5 5.4
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5. RESULTS

Figure 5.6: Overall OLC Outer Length Changes of the ascending aorta. The x axis
carries information on the hearth cycle as percentage of the interval RR, y axis carries
information on the percentage of elongation/contraction experienced by the ascending

aorta on its outer surface.

Figure 5.7: Overall OLC Outer Length Changes of the descending aorta. The x axis
carries information on the hearth cycle, y axis carries information on the percentage
of elongation/contraction experienced by the descending aorta on its outer surface.



