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Abstract

ABSTRACT

Abdominal aortic aneurysm (AAA) is the gradual and irreversible expansion of the
distal region of the aorta. It can be defined as a balloon like dilation 1.5 times the
diameter of the normal abdominal aorta. The prevalence of AAA is high, in particular
amongst men over the age of 65. AAA is primarily asymptomatic and therefore, can
continue to grow undetected until rupture. Rupture of AAA is a devastating event
responsible for millions of deaths worldwide. Currently, the decision to perform
preventative surgery is primarily based on the maximum diameter criterion, with AAAs
larger than 5 — 5.5 cm regarded as at risk of rupture. However, the reliability of
maximum diameter to predict rupture on a patient-to-patient basis has been the source
of continued debate and has led to the proposal of a number of alternative techniques.
AAA is known to alter the tissue’s structural integrity and rupture occurs when the
blood pressure induced wall stress becomes greater than the local wall strength.
Therefore, knowledge of the mechanical properties of AAA tissues is critically
important to furthering the understanding of AAA development and assessing the risk
of rupture. The primary aim of this research was to characterise AAA tissues, using
refined experimental test procedures, to elucidate their role in AAA rupture risk. The
measurement soft tissue thickness and the gripping method employed in biaxial tests
can potentially impact the evaluation of experimentally derived tensile stress. The
influence of these variables were measured and it was found that commonly employed
measurement techniques induced a measurement related error of varying magnitude in
the evaluation of tensile stress, however the thickness gauge and micrometer performed
the best for structured and unstructured tissue, respectively. On average, the central 25%
of the biaxial test specimen area was found to have a uniform strain field and thus strain
measurement taken from this area can be considered free from edge effects.
Furthermore, storage of tissue until commencement of experimental analyses is often
necessary due to logistics and the often unpredictable nature of the surgical
environment. Therefore, the impact of freezing tissue in isotonic saline at -20°C was
assessed for up to one year and it was found that freezing the tissue for extended periods
of time does not affect the evaluation of gross biaxial mechanical properties in the
physiological range. Following these experimental investigations, the biaxial properties
of the intraluminal thrombus (ILT) and AAA wall tissue were evaluated. In general, the
ILT’s properties were found to be isotropic, inhomogeneous and somewhat regionally
dependent, and that differences in the properties could be linked to differences in ILT
morphologies. The AAA wall tissue was found to be anisotropic and the properties were
not influenced by patient-specific factors such as age, sex, AAA diameter or status, i.e.
elective or emergency repair. In addition, the uniaxial failure properties of AAA wall
tissue in the presence of calcification were assessed and compared to predominantly
fibrous tissue. It was found that the presence of calcification reduced the tissue’s failure
properties. Scanning Electron Microscopy (SEM) in conjunction with Electron
Dispersive X-ray spectroscopy (EDS) confirmed the presence of calcification at the site
of failure and indicated that the boundary between the calcification and the surrounding
fibrous tissue is vulnerable to rupture. The results and conclusions presented throughout
this thesis may increase our knowledge of AAA biomechanics and rupture potential,
and may aid in the development of more reliable AAA rupture risk assessment methods
and ultimately improve clinical management of the disease.
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Glossary of Terms

Aneurysm
Aneurysmal
Anterior
Calcification
Collagen
Distal

Elastin
Endovascular
In vivo

In vitro
Intraluminal Thrombus
Lumen
Morphology
Physiological
Posterior

Proximal

GLOSSARY OF TERMS

An excessive localized swelling of the wall of an artery
Relating to or affected by an aneurysm

Situated near the front of the body

A calcified substance or part

Connective tissue protein responsible for stiffness
Situated away from the centre of the body

Connective tissue protein responsible for elasticity
Within a blood vessel

Processes taking place in a living organism

Processes taking place outside a living organism

A stationary blood clot within the lumen of a blood vessel
A passage, duct, or cavity in a tubular organ

The form and structure of organisms

Relating to normal functioning of organs

Situated near the rear of the body

Situated close to the centre of the body
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Cardiovascular disease (CVD) is a global burden that continues to claim the lives of
millions of people per year. It is estimated that every 40 seconds someone in the United
States dies from CVD. This amounts to approximately 800,000 deaths per year (Go et
al. 2013). CVD is responsible for 47% of all deaths in Europe (Nichols et al. 2012),
34% of all deaths in Ireland (Alonge et al. 2013) and global mortality rates have been
projected to increase from 16.7 million in 2002 to 23.3 million in 2030 (Mathers and
Loncar 2006). Aneurysms, amongst other diseases of the heart and/or blood vessels, are
responsible for a significant portion of these cardiovascular related deaths. An aneurysm
is defined as a localised balloon like dilation of any blood vessel and in arteries has a
diameter 1.5 times that of the normal artery. Although they can occur in any artery, this
thesis is focused on aneurysms that occur in the distal aorta; commonly referred to as an

abdominal aortic aneurysm (AAA).

The total number of people with AAA in the United States is estimated to be 1.1
million, with a prevalence of 1.4% of those between the ages of 50 and 84 years old
(Kent et al. 2010). Currently, approximately 2% of men aged 65 years or older have
AAA (Earnshaw 2011, Svensjo et al. 2011) while women’s rate of incidence is
estimated to be 4-6 times lower (Singh et al. 2001, Choke et al. 2012, Lo et al. 2013).
The incidence of AAA in Ireland is similar to international figures (Brosnan et al.
2009), while it is less common among African Americans, Native Americans, Hispanics
and Asians (Kent et al. 2010). These aneurysms are generally asymptomatic and if
undetected will continue to grow until rupture or the patient succumbs to an existing

morbidity, making early diagnosis paramount.

Rupture of AAA is a catastrophic event occurring when the induced mechanical wall
stress exceeds the local minimum wall strength. In 74 - 90% of cases, rupture of the
AAA wall is fatal (Acosta et al. 2006, Upchurch and Criado 2009, Brown et al. 2012).
It accounts for 1.3% of all deaths among men aged between 65 and 85 years old and
represents the 140 leading cause of death in the United States (Lederle 2009). Although
incidences of ruptured AAAs have decreased in recent years primarily due to changes in
smoking habits and increases in elective AAA repair, rupture still accounts for 0.03%

and 0.01% of all deaths in men and women, respectively (Anjum et al. 2012).
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In order to understand aneurysmal disease it is important to understand the structure of
the healthy aortic wall. The healthy aorta consists of three distinct layers known as the
tunica adventitia, tunica media and tunica intima. Each layer is made up of several
components enabling the overall structure to carry oxygenated blood away from the
heart. The tunica adventitia is the outermost layer primarily consisting of loose bundles
of type I collagenous fibres oxygenated by its own intramural vasa vasorum. The tunica
media is the middle and largest layer of the aorta, containing layers of circumferentially
arranged smooth muscle cells separated by thin perforated sheets of elastin fibres tied
together by radially orientated collagen. There are usually between 40 and 70 of these
layers and the number decreases distally from the heart. In general, the elastin fibres
allow the artery to withstand the high pressures on the walls due to the blood flow,
while the abundance of collagen strengthens the arterial wall. The adventitia is less stiff
than the media layer when unloaded but, when loaded, the helical structure of the
collagen unwinds and straightens providing a stiff outer wall which prevents it from
overstretching and rupturing. Finally, the tunica intima primarily consists of a smooth
endothelium layer that lines the lumen of the vessel and sits on a net-like type IV
collagen known as the basil lamina. In healthy arteries this layer is very thin and usually
contributes little to the mechanical properties of the vessel. A thin elastic membrane
called the internal elastic lamina (IEL) exists between the tunica adventitia and the
tunica media and the average thickness ratio of the adventitia/media/intima is 31/56/13

(Schulze-Bauer et al. 2003).

The pathogenesis of AAA is not fully understood, however, it has been linked to such
risk factors as hypertension, atherosclerosis, smoking, sex, age, chronic obstructive
pulmonary disease, hyperlipidaemia and a family history of this disease (Sakalihasan et
al. 2005, Humphrey and Holzapfel 2012). The gradual formation of AAA results in a
chain of biological events leading to the irreversible destruction of elastin and collagen
in the arterial wall. In the early stages of AAA development, a combined increase in
matrix metalloproteinase (MMP) activity and smooth muscle cell (SMC) apoptosis
results in a significant depletion of the elastin fibres primarily responsible for the initial
dilation of the vessel (Choke et al. 2005). While elastin is considered a stable protein,
collagen is continuously degraded and replaced in an effort to maintain the structural
integrity of the arterial wall. This delicate process is regulated by the synthesis of new

collagen (via fibroblasts) and degradation of existing collagen (via MMPs) (Humphrey
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1999). In response to the initial dilation of the vessel wall, the fibroblasts increase their
synthesis of collagen to stabilise the AAA and as the aneurysm continues to grow the
collagen content increases (Choke et al. 2005). However, at some point the increase in
collagen can no longer compensate for the increase in stress experienced by the arterial
wall and the risk of the aneurysm rupturing is high. It is important to note the described
alterations to these structural proteins as a result of AAA formation is usually
inhomogeneous and is responsible for a wide variability in the wall thickness and

mechanical properties of AAA (McGloughlin 2011).

Intraluminal thrombus (ILT) is found within the sac of most clinically-relevant AAAs
(Harter et al. 1982, Hans et al. 2005). This thrombus is a complex fibrin structure,
infiltrated by a continuous network of canalculi, platelets, red blood cells and other
hematopoietic cells (Adolph et al. 1997). ILT forms gradually during the evolution of
the AAA. As the curvature of the diseased aorta changes due to the development of
AAA, the induced turbulent flow haemodynamics lead to abnormal wall shear stresses
and endothelial injury (Swedenborg and Eriksson 2006), thus, damaging the anti-
thrombogenic properties of the wall. This is a catalyst for thrombus formation. Initially,
the thrombus forms almost only from the erythrocytes in the blood, however, over time
a loose fibrin structure develops and continues to grow and ultimately forms a densely
packed structure of thick and thin bundles of fibrin embedded within a fine secondary
cross linked fibrin structure (Wang et al. 2001, Tong et al. 2011). Similar to other fibrin
rich thrombi, the ILT structure is continuously renewed (luminal side) and degraded
(abluminal side) in a dynamic manner (Matusik et al. 2010) producing a thick multi-
layered structure with a radially decreasing density and cell count (Adolph et al. 1997).
The size and structure of ILT also differs largely between patients due to varying rates
of degradation of the abluminal layers and it has been found that fibrin rich structures
with a low amount of cells have a reduced rate of degradation (Matusik et al. 2010).
These thicker thrombi create a hypoxic environment for the AAA wall which may lead

to local wall weakening (Vorp et al. 2001).

Calcified deposits have been found embedded in the walls of most AAA (Torres et al.
1988, Pillari et al. 1988, Buijs et al. 2013). Although, the biochemical mechanisms of
calcification formation are not fully understood, there is evidence to suggest that
initially, due to a severely disease altered extracellular matrix (ECM), calcium granules

(5-10um) begin to develop within the cytoplasm of SMCs and following cell death are

3



Introduction, Aim and Objectives

released into the ECM (Stary 2000). These granules fuse together to eventually form
much larger structures. Scanning electron microscopy imaging has revealed that these
larger structures are usually conglomerations of spherical particles and smooth plate-
like structures which are rich in calcium and phosphate (Schmid et al. 1980, Marra et al.

2006).

AAAs are typically asymptomatic and therefore, many screening programmes have
been introduced worldwide to improve early detection rates and treatment cost
effectiveness (Svensjo et al. 2014). However, whether or not screening is effective
remains under debate (Norman et al. 2004). Upon detection, there are two common
procedures for the treatment of AAA, open AAA repair and endovascular aneurysm
repair (EVAR). Open surgery involves, making an incision in the abdomen to reveal the
aneurysm, clamping the proximal aorta and the iliac arteries and opening the aneurysm
sac. If present, the ILT is removed, a synthetic graft is sutured into place and the
aneurysmal sac is closed while removing any excess tissue. EVAR is a minimally
invasive procedure involving the placement of a graft into the aneurysm sac via a
catheter through a small hole in the femoral arteries in the groin. In both procedures, the
graft provides structural support for the weakened vessel and aims to restore normal
blood flow. Considering the reduced 30 - day operative mortality rate and faster
recovery time associated with EVAR compared to open repair, for those with suitable
anatomy, EVAR is the preferred treatment for AAA. Although recent reports question
the long term benefits of this approach due to a reported similar mortality rate, when
compared to open repair and reduced long term cost effectiveness (Epstein et al. 2014,
Lee et al. 2013), the overall use of EVAR has risen dramatically in the past 10 years
(Aziz and Sicard 2013).

Identifying the optimum time to surgically intervene is a challenge faced by most
clinicians. Any surgical procedure presents a risk to the patient’s safety which is further
exasperated by the typical age profile and existence of co-morbidities associated with
most AAA sufferers. Each year, 40,000 patients in the United States undergo elective
AAA repair and 1,250 patients die following the procedure (Lederle et al. 2012).
However, if the AAA ruptures, the mortality rate after emergency repair rises to a
staggering 40 - 50% (Brewster et al. 2003). Therefore, deciding when the risk of rupture
outweighs the risk of repair is of critical importance. In current clinical practices, the

assessment of rupture risk of AAA is principally based on the maximum diameter
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criterion. If the AAA has a measured diameter beyond the threshold limit of 5 to 5.5cm
the rupture risk is considered high enough to warrant repair, while the growth of smaller
AAA is monitored closely using either ultrasonography or computed tomography (CT)
scanning. During this monitoring phase, if the expansion rate exceeds 0.5cm per year,

surgical intervention is often recommended.

Questions surrounding the reliability of using this criterion alone first surfaced when the
ultrasound scans of 161 ruptured AAAs and the autopsy reports of 473 AAA patients
post-mortem, showed that 10% to 24% of AAAs smaller than this threshold value
ruptured and AAAs of up to 1lcm and 12cm remained stable (Darling et al. 1977,
Nicholls et al. 1998). Therefore, on the basis of this criterion, some patients would
unnecessarily face the risks of surgery while others would be offered treatment too late.
The maximum diameter criterion has been established based on the Law of Laplace,
which relates mechanical stress to the diameter of a cylindrical tube. In reality, the AAA
wall is inhomogeneous and the geometry is often complex with varying degrees of
curvature and asymmetry. As a result, the stress experienced by the AAA wall is
inhomogeneous and AAA of the same diameter exposed to the same pressures can have
largely different stress distributions (Vorp 2007). Therefore, although the maximum
diameter strongly correlates with an increase in AAA rupture risk, it is widely believed
that use of this assessment alone is insufficient to predict AAA rupture risk all of the
time and therefore, there is a need for an improved guidance tool for the practising

clinician.

A number of alternative methods of assesing AAA rupture risk have been proposed in
recent years, such as the degree of the centreline asymmetry (Doyle et al. 2009a),
expansion rate (Thompson 2003), ILT size (Hans et al. 2005), ILT growth rate
(Stenbaek et al. 2000), geometrical parameters of AAA (Raut et al. 2013), wall stiffness
and wall tension (Hall et al. 2000). In addition, some more sophisticated parameters
involve estimating patient-specific wall stress distributions with the finite element
method (FEM) and coupling the data with predictions of wall strength, for example,
Rupture Potential Index (RPI) (Vande Geest et al. 2006a), the Finite Element Analysis
Rupture Index (FEARI) (Doyle et al. 2009b) and Peak Wall Rupture Index (PWRI)
(Gasser et al. 2014). Despite the description of numerous risk factors linked to AAA
rupture risk outlined in the Society of Vascular Surgery (SVS) practice guidlines

(Chaikof et al. 2009), over 90% of European vascular surgeons make surgical decisions
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based on the AAA maximum diameter and more recently, the AAA growth rate
(Vascops, 2009). This apparent resistance to change may be linked to a lack of clinical
confidence in the reliability of these newly proposed methods and therefore, further
research must be performed to fully understand the evolution of the AAA structure to a

rupture condition in order to develop a reliable method of AAA rupture risk assessment.

AAA causes irreversible alterations to the tissue’s main structural proteins responsible
for maintaining the aorta’s structural integrity, eventually leading to the complete failure
of the tissue structure. In light of these events, an evaluation of the AAA biomechanics
seems integral to the fundamental understanding of this disease. It is likely that the
development of a comprehensive data base describing the mechanical properties of
AAA tissue would significantly contribute to numerous key areas of ongoing AAA
research. For example, FEM is largely influenced by the material model employed to
describe the mechanical behaviour of AAA (Polzer et al. 2013) and the reliability of
many of the proposed indices rely heavily on the accuracy of the estimated AAA wall
strength e.g. RPI and FEARI, therefore, an improved description of the AAA
mechanical properties may aid in the development of a more robust computational
rupture risk model. In addition, to aiding in assessing the severity of the disease,
increased knowledge of AAA biomechanics may be beneficial in the development of
treatment strategies for AAA, by guiding the design and placement of stent grafts used
in EVAR. The benefits may also extend to laboratory based investigations where more
realistic phantom AAA models could be developed experimentally to test a wide variety
of hypotheses regarding the development and rupture of AAA (Doyle et al. 2010).
Finally, an evaluation of AAA tissue’s mechanical properties may be a useful adjunct to
future imaging studies currently being used to categorise tissue morphology (de la

Motte et al. 2013).

The three main contributors to the biomechanical response of AAAs in vivo are the
intraluminal thrombus, the AAA wall tissue itself and also the calcified regions located
within the AAA wall tissue. Despite, the critical importance of the mechanics of these
tissues in AAA advancement, there has been few detailed studies reporting their
mechanical properties (Humphrey and Holzapfel 2012). Although, non-invasive
imaging tools capable of measuring these tissue properties in vivo are currently being

investigated, the accuracy of these tools require further validation (Tierney et al. 2010).
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Therefore, a more classical approach is commonly employed involving subjecting a
tissue specimen of relevant size to a controlled displacement (or load) while measuring
the resulting load (or displacement). This approach requires the excision of tissue during
open AAA repair surgery and the difficulty of obtaining such tissue may in part
contribute to the limited number of available studies describing their properties. Aside
from the ethical issues involved, the rise in popularity of EVAR over the last number of

years has significantly reduced the opportunities to harvest this tissue.

Mechanical testing of AAA tissues has typically been performed utilising uniaxial test
methods (testing in a single direction). However, considering theses tissues are
subjected to multi axial loading in vivo, for a more realistic assessment of the properties
biaxial testing is recommended (Sacks 2000). Biaxial testing is superior to uniaxial as it
eliminates the problematic uniaxial force fibre alignment issues, detects anisotropy and
can determine the material coefficients for nonlinear constitutive models, where
multiple test protocols spanning the entire range of physiological stresses are required to
ensure accuracy (Sacks and Sun 2003). Irrespective of anisotropy, constitutive relations
derived from uniaxial and biaxial mechanical testing of AAA tissue have been shown to
be different (Vande Geest et al. 2006b). Although biaxial testing is clearly
advantageous, the test apparatus is more complex. The specimen must be gripped in a
manner that allows for constant forces to be applied along the specimens edges, the
edges need to be able to expand freely in the lateral direction and the target area must
have a uniform stress strain state under loading (Sacks and Sun 2003). A major
challenge of biaxial testing is attaching the tissue to the test device in the most effective

way, so that the impact of edge effects are minimised (Eilaghi et al. 2009).

Considering the mechanical testing of soft tissue is untraditional, the test procedure is
not standardised. Therefore, in addition to differing modes of mechanical testing, there
exists many other sources of variability. For example, at present, a gold standard for the
measurement of thickness of soft tissue has not been agreed upon and considering the
measurement of thickness plays a key role in the evaluation of tensile stress, it may be a
source of avoidable variability between studies. Furthermore, the ability to preserve the
mechanical properties of tissue would be highly desirable considering the often
unpredictable nature of the surgical environment in which human tissues are harvested.

Although the impact of various freezing techniques on the mechanical properties of
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AAA have previously been investigated, the results have been inconclusive (Stemper et

al. 2007, Chow and Zhang 2010).

The primary aim of this research is to characterise AAA tissues, using refined
experimental test procedures, to further our understanding of their role in AAA rupture

risk. The specific aims of this thesis are as follows:

¢ Highlight the possible effect of inaccurate thickness measurements on the
experimentally derived tensile stress of soft tissue.
In Chapter 1, the performance and reliability of a number of commonly used
measurement instruments including a digital callipers, micrometer, and
thickness gauge and two alternative techniques involving positioning the tissue
between glass slides and a laser displacement sensor, will be assessed and the
impact of inaccuracies on the experimentally derived tensile stress will be

determined.

¢ Determine the average target area of a biaxial test specimen unaffected by edge
effects.
Also in Chapter 1, the strain in both the circumferential and longitudinal
directions will be measured at several locations within the gripped area of the
tissue when subjected to an equibiaxial loading mode. By comparing the strains
at these locations it will be possible to identify the region in which the strain is
unaffected by the gripping method. Considering strain uniformity is highly
dependent on the chosen method of attachment, it is essential that the region

from which the strains are measured is redefined for that particular method.

& Identify and quantify the effect of a common simplified cryopreservation
technique on the biaxial properties of porcine aorta.
Employing the recommended experimental techniques developed in Chapter 1
and 2, Chapter 3 will investigate if freezing tissue in isotonic saline at -20°C
affects (a) thickness and bulk weight and (b) mechanical properties and also if
changes to the mechanical properties are dependent on (a) storage time and (b)

aortic region. By addressing the limitations of previous studies, with a particular
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emphasis on controlling the effect of tissue variability, the impact of this

freezing method will be determined.

Further evaluate the mechanics of different ILT morphologies utilising biaxial
test methods.

Following the recommended experimental methods developed in Chapter 1, 2,
and 3, Chapter 4 will investigate if properties are: (a) directionally dependent
and (b) homogeneous — radially (throughout its thickness) and where possible,

regionally (around the circumference of the lumen).

Further evaluate the mechanics of AAA tissue utilising biaxial test methods.

In addition to the methods employed in Chapter 4, the AAA tissue will be
subjected to multiple biaxial loading regimes expected to be experienced in vivo,
the biomechanical responses of which will be used to estimate the material
coefficients of a suitable constitutive model. In addition, the influence of various
patient-specific factors such as patient sex, age, AAA diameter and AAA status

on the biaxial mechanical properties of AAA will be investigated.

Characterise the AAA failure properties in the presence of calcification.

Biaxial testing of soft tissue to failure is limited by the gripping technique.
Therefore, in Chapter 5, uniaxial test methods will be employed to assess the
failure properties of AAA in the presence of calcification. Fourier Transform
Infrared (FTIR) microscopy will be utilised as a qualitative tool to confirm the
presence of calcification. The failure properties of partially calcified and
predominantly fibrous AAA tissue will be evaluated and compared. In addition,
the failure sites of a subset of both tissue types will be examined using Scanning
Electron Microscopy (SEM) and Energy Dispersive X-ray spectroscopy (EDS)

to investigate the potential reasons for failure.
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Chapter One Influence of Thickness Measurements

ABSTRACT
Background

Measuring the physical dimensions of soft tissue is difficult due to its deformable
nature. Such measurements are used to evaluate the tissue’s mechanical properties.
Imprecise measurements of the tissue’s thickness can alter the assessment of tensile

stress which may have significant clinical relevance when used as a diagnostic tool.
Methods

The performance of routinely used measurement methods including a (i) digital
callipers, (i1) micrometer, (ii1) thickness gauge, (iv) glass slide technique coupled with
(1) and (i1) and a (v) laser displacement sensor were assessed by comparing them to a
photogrammetric technique which was considered to be the measurement standard. All
measurements were performed on two tissue types: porcine aorta and human
intraluminal thrombus from an Abdominal Aortic Aneurysm (AAA) and results were
compared against predetermined criteria whose limits represented a 10% change in
experimentally derived tensile stress. The inter-rater and retest reliability of the digital

callipers, micrometer and thickness gauge were also investigated.
Results

The thickness gauge was shown to be the most reliable and could accurately measure
the thickness of aortic tissue. The conditions of the criteria were not met by any
instrument used to measure the thickness of the AAA intraluminal thrombus, however;
the micrometer, which proved highly reliable, was considered the most suitable (effects
on tensile stress: +14.7%). For both tissues the glass slide and laser techniques
significantly over estimated the thickness measurement altering the tensile stress by up

t0 -29.6%.
Conclusions

This study highlights the effects of inaccurate measurements on the assessment of
tensile stress and recommends a thickness gauge be used to measure structured tissue

(aorta) and a micrometer for unstructured tissue (AAA intraluminal thrombus).
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INTRODUCTION

Soft tissues undergo large deformations at low loads (Fung, 1993). Due to this inherent
characteristic, the determination of the precise physical dimensions of soft tissue is
particularly difficult (Ellis, 1969; Lee and Langdon, 1996). Physical dimensions such as
the width and thickness of soft tissue play a key role in the evaluation of fundamental
biomechanical properties, such as tensile stress (Humphrey, 2002). Inaccuracies in these

measurements can lead to significant errors in the calculated tensile stress.

Accurate numerical predictions of tensile stress in tissue structures may have significant
clinical relevance and are often used to prevent potential damage to the tissue or assist
in the planning of surgeries (Pericevic, 2009; Miller, 1999). This paper assesses the
performance and reliability of a number of commonly used measurement instruments
including a digital callipers (Virues Delgadillo et al., 2010), micrometer (Doyle et al.,
2012) and thickness gauge (Cloonan et al., 2012) and two alternative techniques
involving positioning the tissue between glass slides (Okamoto et al., 2002) and a laser
displacement sensor (Lee and Woo, 1988). The aim of this study is to highlight the

possible effect of inaccurate measurements on the experimentally derived tensile stress.

Figure 1: Illustration showing the size (14mm x 14mm) and measurement locations on
an example tissue sample from Group A. Vertical lines indicate digital calliper
measurements and the circles show micrometer and thickness gauge measurement
locations. The specific points or regions to be measured were clearly marked using a felt

tip pen on each sample according to the regions indicated above.
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METHODOLOGY
Test Tissue

Porcine aorta and human abdominal aortic aneurysm (AAA) intraluminal thrombus
(ILT) were harvested and stored at -20°C in 0.9% saline solution until testing.
Experimental protocols were approved by the hospital and university ethical committees
and consent was given. The tissue was defrosted at 4°C for 12 hours and placed in
saline at room temperature for one hour prior to testing. Specimens from random
locations along the length of the porcine aorta (Group A, n = 10, Figure 1) and from
within the different layers of the ILT structure (Group B, n = 10) were cut using a

custom die (14mm x 14mm).

Groups A and B were randomly assigned to four sub-groups and in between tests were
stored in saline filled welled plates. This reduced any bias between tissue types and also

helped reduce the adverse effects of dehydration on the tissue’s dimensions (Zhu,

2003).
Measurement Instruments

The instruments investigated included a digital callipers (Wurth, Model 2000, accuracy
0.03mm), micrometer (Mitutoyo, Series 293, accuracy 0.001lmm) and thickness gauge

(Mitutoyo, Series 547, accuracy 0.02mm).

Prior to testing, each instrument was calibrated using a brass gauge block of precise
thickness. This procedure was repeated throughout the testing. The four users, who were
all considered to have the same experience, were also instructed to read excerpts from
‘Measurement Good Practice Guide’ (Flack, 2001) and validation tests were performed
involving the gauge block to assess the reliability of the users and the instruments

measurements before testing (Supplementary Material Appendix A).

Each of the four users measured the thickness of Group A and B using the digital
callipers at six different locations across the length of the tissue and again using the
micrometer and thickness gauge (force 0.9N) at four different locations (Figure 1). Each
user repeated the measurements three times. There were 3,360 measurements taken in
total. The order of the tests was randomised to reduce any practice and boredom effects
that may occur (Field, 2005) and also to minimise the likelihood of the user

remembering any previously recorded measurements.
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Figure 2: (A) The tissue was placed between two glass slides which were clamped so
that minimal compression was applied to the tissues surface and the entire thickness was
measured. The actual tissue thickness was calculated by subtracting the thickness of the
two glass slides from the initial measurements. (B) The non-contact sensor consists of a
semiconductor laser which is emitted and focused on the target surface in the form of a
small spot (30um). The sensor was operated as per user manual so that the optimum
position for measurement was achieved. (C) To prepare the tissue for the
photogrammetric technique it was sliced at the locations indicated (i). Each individual
length was photographed and thickness measurements were taken at locations T1 - T6
(i1).

Measurement Methods

The methods investigated included (i) utilising glass slides to position the tissue while
measurements were taken using firstly a digital callipers and secondly a micrometer
(Figure 2, A) (ii) a non-contact laser displacement sensor (Keyence, Model LK-G32,
accuracy 0.05um, Figure 2, B). The laser intensity was automatically adjusted to ensure

an optimal level for the tissue was achieved using the inbuilt Active Balanced Laser
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control Engine (ABLE) technology. Measurements were taken at the same locations as
previous methods. The final method, which served as the reference method for all
comparisons, involved measuring the thickness of the tissue photogrammetrically. The
tissue was sliced with a surgical scalpel at the locations indicated (Figure 2, C (i)). Each
individual length was placed on a flat surface adjacent to a plate of known precise
thickness so that its lateral side was in plane with that of the plate. The thickness of the
sample was orientated perpendicular to the field of view of a SLR camera (Sony 0200,
DSLR-A200). The magnification was adjusted to fill the view finder and photographs of
each individual length were taken. An edge detection algorithm was applied to the
cross sectional images (GIMP, v2.6.11, 2008) and the thickness was measured at six
equidistant locations (T; - Ts) on each length (Figure 2, C (ii)) using in-house developed
code (Matlab, v7.1, 2010).

Biaxial Tensile Testing

Samples from Group A and B were mounted in a BioTester 5000 test system (Cellscale
Biomaterials Testing, Waterloo, Canada) using a set of four BioRakes (specific details
of the Cellscale Biotester can be found in Appendix A). Each BioRake consists of five
evenly spaced tungsten tines used to pierce and grip adjacent sides of the square tissue
sample. All samples were submerged in 37°C isotonic saline and tested using a
displacement controlled protocol in equibiaxial mode. The maximum stretch applied
was 30% of the gripped area (9.50mm x 9.50mm) at a rate of 0.2mm/s. Samples were
preconditioned for 10 cycles and the last (tenth) cycle was used for subsequent analysis.
As the tissue was stretched, the force was measured by a 5N load cell (accurate to
10mN) and images of the tissue were taken by a charge coupled device (CCD) camera
(1280 x 960 pixels, 15Hz). Application of a speckle pattern to the tissue’s surface prior
to testing (very light spray of dark paint) allowed for the strain to be measured
accurately using the particle tracking software provided with the BioTester. All strain
measurements were taken from the central 25% of the tissues dimensions to avoid edge
effects. Edge effects due to gripping methods and sample geometry can influence the
derived stress strain response (Anssari-Benam et al., 2012, Waldman and Lee, 2002,
Sacks, 2000). According to Saint-Venant’s principal, gripping imposes local stresses at
the grip-sample interface and the influence of these local stresses becomes negligible at
a certain distance (decay length) from the grip. In this study the central 25% of the

tissues total dimensions was considered free from edge effects and was determined
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experimentally by methods outlined in Supplementary Material Appendix B. Other
studies have either concluded by using similar methods (Nielson et al., 1991, Sun et al.,
2005, Eilaghi et al., 2009) or assumed (Okamoto et al., 2002, Vande Geest et al., 2006a,
Vande Geest et al., 2006b., Zemanek et al., 2009, Tong et al., 2011) that edge effects

are minimal in similar sized central regions.
Reliability and Performance of Tests

The inter-rater reliability of the users’ measurements was assessed in SPSS, v19, 2010,
using a two-way random model of the intra-class correlation coefficient (ICC; type 2,
absolute agreement; Shrout and Fleiss, 1979). The agreement according to the ICC can
be interpreted as follows: poor < 0.4, fair 0.40 - 0.75 and excellent > 0.75 (Rosner, B.,
2005). The retest reliability was determined by calculating the difference between three

repeated measurements by the same user.

Figure 3: The average equibiaxial derived true stress strain curve in the circumferential
and longitudinal direction for example Group A is shown. The maximum force in the
circumferential and longitudinal direction was 2N and 1.5N, tissue width and thickness
was 9.9mm and 1.87mm. The effect on the tensile stress (~ + 10%) when the thickness
is varied by £ 0.2mm in both the circumferential and longitudinal direction is also

shown.
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To assess the performance of each technique, the measurements were compared to those
derived photogrammetrically and Bland-Altman plots for each technique were
constructed (Bland and Altman, 1986). Repeated measurements by the four users
obtained with the digital callipers, micrometer and thickness gauge, were averaged to

evaluate their overall performance.

The criteria limits for bias (differences) and precision (standard deviation) which
indicated acceptable agreement between methods were determined by analysing the
effect of varying thickness on an equibiaxial derived averaged stress strain curve for

both tissue types.

Bias and precision parameters of £ 0.Imm and + 0.Imm for Group A (Figure 3), and
+0.14mm and +0.14mm for Group B, respectively, represent a maximum change of
~10% to the measured thickness and were deemed the maximum values of acceptable
agreement between the methods and the precision of the difference. Any differences

outside these limits would affect the calculated tensile stress by more than ~10%.

Table 1: The single and average ICC values and the mean absolute difference (mean A
abs) and standard deviation (represents the inconsistencies between users) between three
repeated measurements across the four users for the digital callipers (DC), micrometer
(M) and thickness gauge (TG) measurements for Groups A and B. The inter-rater
reliability and retest reliability are highest for the thickness gauge for both tissue group
A and B.

ICC IcC Test-retest differences
(single) (average) (mean A abs)
Group A B A B A B
DC .30 33 .58 71 0.14 #0.09 0.14 $0.09
M 59 67 90 .90 0.1240.04  0.14 40.05
TG 89 81 98 .96 0.05+0.03  0.06 £0.01

RESULTS
Reliability

As shown in Table 1, the ICC for a single measurement for both groups is poor for the

digital callipers, fair for the micrometer and excellent for the thickness gauge. The
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average of three repeat measurements by each user improves results and the ICC
becomes fair for the digital callipers, and excellent for both the micrometer and
thickness gauge. Ranked from the highest to the lowest retest reliability, the thickness
gauge was the highest (0.05 = 0.03mm), followed by the micrometer (0.12 + 0.04mm)
and lastly the digital callipers (0.14 + 0.09 mm). A similar trend was noted for Group B.

Figure 4: Bland-Altman plots of measurements (mm) taken by each measuring
technique compared to the photogrammetric technique for Group A with bias and 95%
confidence intervals. The differences are scattered around the mean with no obvious
pattern thus the differences in the measurements of thickness taken by all instruments
were independent of the actual thickness value. The axis titles in plot A applies to all
others. The thickness gauge measurements were the most accurate when compared to

the photogrammetric technique.
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Figure 5: Bland-Altman plots of measurements (mm) taken by each measuring
technique compared to the photogrammetric technique for Group B with bias and 95%
confidence intervals. The differences are scattered around the mean with no obvious
pattern thus the differences in the measurements of thickness taken by all instruments
were independent of the actual thickness value. The axis titles in plot A applies to all
others. The micrometer measurements were the most accurate when compared to the

photogrammetric technique.
Performance

The digital callipers, micrometer and thickness gauge underestimated the thickness by
average bias of -0.15 £ 0.27mm (-7.85 + 14.21%), -0.17 = 0.17mm (-8.61 = 9.11%) and
-0.03 £ 0.18mm (-1.18 £+ 10.43%) for Group A (Figure 4, A, B, C) and -0.09 £ 0.38mm
(-1.96 £ 13.88%), -0.43 + 0.21mm (-14.46 £+ 6.74%) and -0.67 + 0.43mm (-28.56 +
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18.91%) for Group B (Figure 5, A, B, C). While, the glass slide and digital callipers,
glass slide and micrometer and laser measurement techniques greatly overestimated the
measurements by average bias of 0.65 = 0.32mm (29.68 + 14.81%), 0.42 £ 0.24mm
(20.13 £ 11.56%) and 0.52 + 0.55mm (23.15 £ 23.19%) for Group A (Figure 4, D, E, F)
and 0.37 £ 0.39mm (14.76 + 16.61%), 0.32 = 0.40mm (10.97 £+ 14.38%) and 0.69 +
0.51mm (22.36 £+ 13.67%) for Group B (Figure 5, D, E, F).

Figure 6 shows how the techniques compared to one another for Group A and B and

Table 2 shows that these differences can significantly alter the calculated tensile stress.

100
80
60
40

20 =

sl

40

-60

-80

Difference between method and photo (%)

mDCA  eMA ATGA ®SDCA -SMA -LA

SDCB  ¢M-B ATG-B ©SDCB =SMB LB
Figure 6: The average percentage difference and 95% confidence intervals between the
photogrammetry technique and each instrument for both groups. Comparing the
percentage difference between the photogrammetry technique and each instrument
(digital callipers (DC), micrometer (M), thickness gauge (TG), glass slide and digital
callipers (S-DC), glass slide and micrometer (S-M) and laser (L)) for both Group A and
B, it can be observed that most of the instruments perform similarly regardless of the
material being measured. However, the thickness gauge does not measure Group B as
accurately as Group A (1.6 = 9.7% vs. 21.6 £ 14.7%). Not considering how reliable the
instruments measurements are, average measurements of Group A taken with a
thickness gauge and average measurements of Group B taken with a digital callipers are

similar to measurements taken utilising the photogrammetric technique.

Table 2: The difference in actual thickness measurements (mm) between methods and

the standard and the corresponding percentage change in stress (c) + standard deviation
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(SD). Average measurements taken using a thickness gauge and digital callipers for

tissues in Group A and B, respectively, effect the evaluation of tensile stress the least.

Group A Group B
Difference Difference o SD Difference Differencec SD
(mm) (%) (mm) (%)
DC -0.15 7.71 13.47 -0.09 3.25 13.06
M -0.17 8.70 8.70 -0.43 14.65 7.43
TG -0.03 1.59 9.67 -0.67 21.93 14.65
S-DC 0.65 -29.61 -15.76 0.37 -12.74 -13.37
S-M 0.42 -20.19 -12.53 0.32 -11.11 -13.69
L 0.52 -24.41 -26.05 0.52 -17.45 -16.83

DISCUSSION

Comparing the performance of the instruments to the criterion, the thickness gauge
which had the highest inter-rater and retest reliability is the only instrument that meets
the criterion (thickness gauge measurement: 0.03 + 0.18mm versus criterion: 0.1 + 0.1
mm) for aortic tissue (Group A). However the same instrument produced high error
ranges when testing ILT (Group B); this material is highly porous, unstructured and
softer in nature (Tong et al., 2011) and may have been compressed by the force of the

gauge. A thickness gauge with a lower applied force may perform better.

The digital callipers was the closest to meeting the conditions of the criterion for Group
B (0.09 = 0.38mm vs. 0.14 £ 0.14mm). It is important to note that although the digital
callipers appear to be more accurate than other methods; it has the lowest inter-rater
reliability and retest reliability, thus for a single user it is not reliably accurate. Table 3
shows the differences incurred by each user. Although the micrometer has a higher bias
than the criteria (0.43mm > 0.14mm), it is more reliable than the digital callipers.
However, in order to produce more accurate results for Group B, attempts to cut more
uniform samples prior to measurements, should be exercised (Enfield, 2001). It was
shown that the glass slide and laser techniques under performed for both tissue types.
Large errors using the glass slide technique may have been caused by an insufficient
clamping force resulting in the slides only contacting the thickest regions. Perhaps a
more suitable clamping force may have yielded more favourable results. Non-contact

methods such as lasers are considered attractive alternatives to standard instruments

28



Chapter One Influence of Thickness Measurements

(Lee and Woo, 1988) however; in this study the model chosen was not appropriate. The
model assumes that the tissue lies perfectly horizontal to the reference surface (zero)
allowing the thickness to be calculated from its surface however, non-uniformities in the
tissue meant this was not always practical (Supplementary Material Appendix C). A
dual sensor system allowing measurements to be taken from opposing surfaces of the

tissue may be more accurate.

Table 3: The bias, standard deviations (SD) and 95% confidence intervals (CI)
estimates for Group A and B from each user, for measurements taken using a digital
callipers. The inter-rater reliability of the digital callipers was very poor evidenced by

the largely differing measurement values reported by each of the four users.

Group A Group B
User  Bias SD 95% CI Bias SD 95% CI
1 -0.14  0.28 -0.71,0.42 0.27 0.56 -0.85,1.38
2 -0.12  0.39 -0.89, 0.65 0.23 0.51 -0.80, 1.26
3 0.27 0.29 -0.32,0.86 -0.02 0.33 -0.68, 0.64
4 -0.62  0.30 -1.21,-0.02 -0.85 047 -1.80, -0.11

This study succeeded in highlighting how simple routine measuring techniques can
potentially introduce significant errors in important experimentally derived mechanical
properties. The influence on tensile stress as a result of measurement technique, based
on the findings of this study, ranged from 1.6 to 29.6% for aortic tissue and from 3.3 to
29.6% for ILT tissue. For applications where an accurate prediction of stress in soft
tissue is needed the implications of imprecise measurements of tissue dimensions could
be significant. According to the presented results, to limit these effects it is
recommended that a thickness gauge be used when measuring the dimensions of a

structured tissue (aorta) and a micrometer for unstructured tissue (ILT).
Limitations

The sample size and user number were small therefore these results are only
representative of the potential error associated with each measurement method must be
interpreted with caution. The photogrammetric determination of the tissues thickness

may be subject to error, however due to the scale of the error associated with the other
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measurement techniques it was considered negligible for the purposes of this study

(Supplementary Material Appendix D).
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SUPPLEMENTARY MATERIAL

APPENDIX A

A series of validation tests involving a gauge block were performed prior to testing for
instruments involved in the user dependant investigation. After the 4 users were briefed
on correct measurement practices each measured a gauge block using the digital
callipers, micrometer and thickness gauge, a total of 3 times, in order to assess the

reliability of the users and the instruments (Table A1).

Table Al: Differences between the measurements taken by 4 users (Inter-rater
Differences), 3 repeated measures by same user (Retest Differences) and the accuracy
of the method when compared to the actual dimensions of the gauge block (Accuracy).
The thickness of the gauge block was 9mm and the instruments used were the digital

callipers (DC), micrometer (M) and thickness gauge (TG).

APPENDIX B

To calculate the decay length of a square specimen subjected to biaxial loading it is
necessary to identify the region within the gripped area of the specimen that has a
uniform stress strain state i.e. the ratio of the strain in the circumferential direction (Eg)
to the strain in the longitudinal direction (Ep) is between 1 and 1.1. This region is
assumed to be free from any edge effects. The distance from the perimeters of this
region to the grips is the decay length. Once defined, all strain measurements should be

taken from this area to avoid unwanted edge effects.
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Figure B1: Outlines the method used to determine the region free from edge effects for
a 14 mm square porcine aortic specimen gripped using five evenly spaced tungsten tines
and subjected to equibiaxial forces (i) Creation of a speckle pattern on the surface with a
light mist of dark paint (i1) Evenly dispersed virtual points on the tissue’s surface used
by the image tracking feature of the BioTester software to calculate the displacement
throughout equibiaxial test (iii) Total displacement of tissue measured by tracking
software (iv) Comparison of strains in the circumferential-direction (Eg) and in the
longitudinal-direction (Er). The blue cells represent the area which can be considered

sensibly uniform and free from edge effects (E¢/EL < 1.1).

To identify this region experimentally, it is necessary to calculate the strain in both the
circumferential and longitudinal direction at several locations within the gripped area of
the tissue when subjected to an equibiaxial loading mode. By creating a speckle pattern
on the surface with a light mist of dark paint (Figure B1(i)), the image tracking feature
of the BioTester software can calculate the total displacement of a number of evenly

dispersed virtual points on the tissue’s surface due to the applied load (Figure B1(ii)).

34



Chapter One Influence of Thickness Measurements

This provides a direct measure of specimen strain in different locations of the specimen
due to the applied load (Figure B1(ii1)). By comparing the strains at these locations in
both the © and L directions it is possible to identify the region in which the strain is

unaffected by the gripping method (Figure B1(iv)).

Figure B2: On average the central 25% of the area had a uniform strain field and could
be considered free from edge effects (region marked in yellow). This resulted in a decay

length of 3.2mm in the circumferential and longitudinal directions.

Utilising inherently anisotropic porcine aortic tissue a total of 10 tests were carried out
using the above described methods and the uniformity of the gripped area was assessed.
It was found for all 10 tests that the central 25% of the area had a uniform strain field
and could be considered free from edge effects. This area is indicated in Figure B2. The
decay length in the circumferential and longitudinal directions was calculated to be 3.2
mm. The strain was measured from this region for all biaxial tests performed within this
study and thus the authors are confident that edge effects did not significantly influence

the derived stress strain relationship in the study.
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APPENDIX C

The displacement sensor utilised in this study was an LK-G32 model supplied by
Keyence. This model required the user to define the flat surface on which the tissue was
positioned as the reference plane (zero). The laser beam was then focused on numerous
points on the upper surface of the tissue and the perpendicular distance between these
points and the reference plane represented the thickness of the tissue. However, due to
the inhomogeneous nature of the tissue and its tubular orientation when in situ the
specimens often curled at the edges, which may have introduced an error in the
measurement taken by the laser (Figure C1). It is thought that a dual sensor system
which measures the opposing surfaces of the tissue may provide more accurate results.
Unfortunately these systems are expensive which prohibits their availability in

laboratories.

Figure C1: A potential error in the thickness measurement taken by the laser due to the

nature of the tissue.

APPENDIX D

Sources of error associated with the photogrammetric determination of the tissue
thickness can be found within the (1) experimental set up and (ii) preparation of the

tissue. These errors were quantified as follows:

(i)  Experimental set up
In order to ensure the photogrammetric method was accurate and that the

positioning of the camera was correct, photographs of objects of a defined size
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(i)

(gauge blocks) were analysed prior to testing. This ensured that the set up was
capable of performing accurate measurements and that any error due to

experimental set up was contained to less than a pixel (0.005mm).

Tissue preparation

Prior to performing thickness measurements, the tissue was sliced at three
locations along its length using a surgical scalpel. To quantify the change in
initial dimensions due to sectioning, images were extracted from a video
recording of the process and analysed. Examining the thickness profile of the
tissue throughout the process (Figure D1 (e)) it was observed that the
compressive strain due to the initial incision (Figure D1 (b)) reduced the
thickness of the tissue at the site of incision (max = -0.73mm) while the
thickness of the surrounding tissue increased in order to maintain the volume
(max = +0.18 mm). As the tissue fractured (Figure D1 (c¢)) and the crack growth
phase began, the compression due to the initial strain was released and the
thickness of the tissue in the surrounding areas began to relax and recover the
initial dimensions. Finally, after removal of the scalpel the thickness of the
tissue at the site of the incision returned to within 0.01 £ 0.005mm (0.4 £ 0.2%)
of the original dimensions and the surrounding tissue was shown to fully
recover.

It was found that the strain required to section the tissue samples (average
thickness 2mm) was approximately 0.3 (Figure D1 (b) and (e)). The application
of such a low strain ensures that the tissues deformation is restricted to the
elastic region of a typical stress strain response of porcine aortic tissue. This
ensures no permanent deformation occurs allowing the tissue’s elastin fibres to
recoil once the load is removed and recover the initial dimensions.

A similar response can be assumed for the intraluminal thrombus (ILT), which
was also tested. ILT consists of a network of fibrin fibers which can strain to
180% without sustaining permanent lengthening (Liu et al., 2006). Therefore,
similar to the porcine aortic tissue error due to preparation of the ILT for

photogrammetry would be within 0.4 + 0.2% of the original dimensions.
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Figure D1: Still images extracted from a video recording of the incision of the scalpel
into the tissue (a) prior to incision, (b) initial incision, (c) fracture, (d) after incision and
(e) thickness profile of the tissue during steps (a) to (d). The resolutions of the images
are 3872 x 2592 pixels and the calibration is 0.005mm/pixel.
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Chapter Two Influence of Freezing

ABSTRACT
Background

Preservation of the native artery’s functionality can be important in both clinical and
experimental applications. Although, simple cryopreservation techniques offer an
attractive solution to this problem, the extent to which freezing affects the tissue’s
properties is widely debated. Earlier assessments of the mechanical properties post-
freezing have been limited by one or more of the following: small sample numbers,
uncontrolled inter-specimen/animal variability, failure to account for the impact of
potential errors in thickness measurements, short storage times and uniaxial test

methods.
Methods

Biaxial mechanical tests were performed on porcine aortic samples (n=89) extracted
from superior, middle and inferior regions of five aortas, stored in isotonic saline at -
20°C for 1 day, 1 week, 1, 6 and 12 months, thawed and retested. The sample’s weight
and thickness were also measured pre- and post-freezing. A total of 178 tests were
performed and elastic modulus was assessed by calculating the slope of the Cauchy
stress-stretch curve at the low and high stretch regions in both the circumferential (©)

and longitudinal (L) directions.
Results

The weight of the samples increased post-freezing. However, in general, no significant
difference was found between the elastic modulus of porcine aortic tissue before and
after freezing at -20°C and was unaffected by storage time. Minor changes to the elastic
modulus, as a result of freezing, were reported along the length of the aorta. The
magnitude of these changes decreased from the superior to the inferior regions.
However, after accounting for measurement error it can be shown that the effect of
freezing between regions cannot be attributed to differences in the freezing effect alone

and are as likely influenced by errors in the measurement of thickness.
Conclusions

These results indicate that for applications which require preservation of the gross
mechanical properties, storing the tissue at -20°C in isotonic saline, for an extended

period of time, is acceptable.
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INTRODUCTION

Evaluating the mechanical properties of biological tissue is becoming increasingly
important in improving our standard of healthcare. In particular, accurate determination
of the native artery’s mechanical properties plays a key role in assessing its usefulness
as an allograft or autograft, the engineering of replacement arteries (Hoenig et al., 2005;
Dahl et al., 2007), perfecting surgical techniques (Kiihnapfel et al., 2000) and ensuring
accurate diagnosis of tissue pathologies (Doyle et al., 2012; Mulvihill et al., 2013).
Unfortunately, studies reporting the mechanical data of human tissue are sparse owing
partly to the challenges involved. To avoid any adverse effects of tissue degradation, the
optimum time to perform mechanical testing is immediately after surgical excision.
However, in a surgical environment where opportunities to harvest such tissues are
often unpredictable, coupled with logistical constraints, this can prove challenging. In
reality, it is often necessary for the tissue to be stored for extended periods of time prior
to the commencement of tests (Okamoto et al., 2002; Hawkins et al., 2003; van Andel et

al., 2003; Lally et al., 2004; Gasser et al., 2008).

Simple cryopreservation techniques, including freezing the tissue at a temperature of -
20°C, are the most widely accessible methods of preservation in both a clinical and non-
clinical setting. However, it has been shown that freezing, regardless of temperature,
induces the formation of ice crystals in the extracellular matrix (ECM) which can lead
to intracellular ice formation and cellular dehydration (Karlsson and Toner, 1996).
Studies have also recorded reductions in the dimensions and weight of tissues post-
freezing which suggests there may be a ‘bulk water movement phenomena’ occurring
during the freezing process (Venkatasubramanian et al., 2006; Hemmasizadeh et al.,
2012). These changes may affect the key elements responsible for maintaining the
mechanics of the tissue for example, the loss of smooth muscle cell (SMC) viability
(Venkatasubramanian et al., 2006) and alterations to the collagen and elastin fibres
(Venkatasubramanian et al., 2006; Chow and Zhang, 2011). Although, these post-
freezing changes have been reported at a microstructural level, there is little agreement
regarding the magnitude of change to the gross mechanical properties responsible for
maintaining functionality. Some authors have conducted studies detailing its effects on
the mechanical properties of animal aorta however; collectively the results have been

inconclusive.
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A study by Stemper et al. (2007) analysed the mechanical properties of porcine aortic
tissues (n ~ 26) after freezing at -20°C for three months and reported no significant
alteration to the properties when compared to the control group. This study was limited
to uniaxial test methods which cannot fully characterise the anisotropic nature of arterial
tissue (Sacks 2000). Despite this, a similar result was reported by Virues Delgadillo et
al. (2010) who employed biaxial test methods to assess the effect of this preservation
method on the mechanical properties of porcine aorta (n = 3) after two months. In
contrast to these findings, though using similar test procedures, Chow and Zhang (2011)
observed a significant increase in the high stress linear elastic modulus of bovine aortic
tissue (n ~ 5) as a result of freezing at -20°C for three weeks. Other studies investigating
the effects of cold storage at various temperatures and cooling rates have also reported
conflicting results (Venkatasubramanian et al., 2006; Adham et al., 1996; Wang et al.,
2006; Venkatasubramanian et al., 2010; Hemmasizadeh et al., 2012).

Determining the effect of freezing on the gross mechanical properties has both
experimental and clinical applications. However, despite numerous studies there is still
little agreement on what this effect is. Research to date have been limited by one or
more of the following: small sample numbers, uncontrolled inter-specimen/animal
variability, failure to account for potential errors in thickness measurements, short
storage times and uniaxial test methods and therefore it is difficult to compare results or
determine the true effect of freezing on the tissue’s mechanical properties. The aim of
this study is to employ biaxial test methods to identify and quantify the effect of a
common simplified cryopreservation technique on the characteristics of porcine aorta
when the effect of tissue variability is controlled. In particular, we aim to investigate if
freezing in isotonic saline at -20°C effects (a) thickness and bulk weight and (b)
mechanical properties. Furthermore, we aim to investigate if changes to the mechanical

properties are dependent on (a) storage time and (b) aortic region.

MATERIALS AND METHODS
Tissue Specimens

The descending thoracic aorta was excised from five pigs at the local abattoir. The pigs
were approximately six months old and weighed between 40 and 60kg. All descending

thoracic aortas were removed within 20 minutes post-mortem, placed in isotonic saline
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and transported to the laboratory immediately. No pigs were sacrificed for the sole

purpose of this project.
Tissue Preparation

To prepare the aortas for testing, the loose connective tissue was carefully removed
(adventitia remained intact) and the aortas were rinsed several times in isotonic saline.
The tubular aortas were cut longitudinally, opened flat and a custom-made die was used
to cut 14 x 14mm square samples along the length (Figure 1). Each sample was cut such
that one side was parallel with the length of the aorta and the other side was parallel to
the circumference of the aorta. The correct orientation was marked on the tissue sample
with a felt tip pen before being placed in an isotonic saline filled 12 well plate in order
to avoid dehydration (Nicolle and Palierne 2010). The approximate region (superior,
middle and inferior) from which the sample was removed was also recorded (Figure 1).
A total of 89 samples (superior = 29, middle = 30 and inferior = 30) were extracted

from the five aortas.

Figure 1: Illustration of methods used to prepare the porcine aorta for mechanical
testing. The tubular aorta was cut longitudinally, opened flat and 14mm square samples
were extracted from the approximately inferior (0 - 9cm), middle (9 - 18cm) and

superior (18 - 27cm) regions along the aortic length.
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Each sample was then removed from the saline, gently blotted with highly absorbent
paper to ensure any excess saline was removed from the tissue’s surface and weighed
(specific details of the analytical balance can be found in Appendix B). This was
followed by thickness measurements at five locations using a digital micrometer before
being re-submerged in saline. This process was repeated for all tissue samples. All
samples were then mechanically tested using a biaxial tester (details described later).
The total time for acquirement, preparation and testing of one aorta was approximately
4.5 hours. To limit the impact of tissue variability these same tissue pieces are tested
again after freezing. The test method employed is limited to the physiological stress
range (75-92.5kPa, Skinner et al., 1983, Hannon et al., 1990) and therefore does not

cause any permanent structural damage to the tissue.

Post testing, the fresh samples were placed in 12-well plates, submerged in isotonic
saline and stored at -20°C. To avoid bias due to regional differences, all samples
extracted from the same aorta (n = 5) were then stored either for 1 day (n = 15), 1 week
(n = 16), 1 month (n = 17), 6 months (n = 19) or 12 months (n = 22) before being
thawed slowly (4°C for 1 hour and submerged in saline at 37°C for 30 minutes) (Bujan
et al., 2000). Following thawing, the thickness and weight of the samples were
measured as before and the mechanical tests were repeated. A total of 178 biaxial tests

were performed. A flowchart describing the testing sequence is illustrated in Figure 2.

Fresh Aorta #1 Aorta #2 Aorta #3| |Aorta #4| |[Aorta #5
{n=l15} (n=16) (n=17) (n=19) (n=22)
E i Testing!Procedure i i
Frozen 1 Day 1 Week 1 Month 6 Month 12 Month

Testing Procedure

Figure 2: Flowchart illustrating the testing sequence, where the test procedure includes

measuring the weight and thickness of the aortic samples followed by a biaxial test.

43



Chapter Two Influence of Freezing

Biaxial Test Method

Our already published biaxial tensile test methods (O’Leary et al., 2013, O’Leary et al.,
2014) are summarised as follows. The square samples (14 x 14mm) were mounted in a
BioTester 5000 test system (Cellscale, Biomaterials Testing, Waterloo, Canada) using a
set of four BioRakes, one rake per side (specific details of the Cellscale Biotester can be
found in Appendix A). Each BioRake consists of five evenly spaced tungsten tines used
to pierce and grip adjacent sides of the square tissue sample. Each specimen was
mounted so that it was stretched in the circumferential and longitudinal directions. All
samples were submerged in 37°C isotonic saline and tested using a displacement
controlled protocol in equibiaxial mode. The BioRakes were set to displace by 25%
(maximum physiological stretch range) of the gripped area (8.9mm x 8.9mm) at a rate
of 0.2mm/s. Samples were preconditioned for ten cycles, with data from the final cycle
used for subsequent analysis. As the tissue was stretched, the force was measured
continuously by a 5N load cell (accurate to 10mN) and images of the tissue were taken
by a charge coupled device (CCD) camera (1280 x 960 pixels at 15 frames per second).
Application of a speckle pattern to the tissue’s entire surface prior to testing (very light
spray of dark paint) allowed for the strain to be measured accurately using the particle
tracking software provided with the BioTester. All strain measurements were computed
using particle tracking software and analysed from the central 25% of the tissues
dimensions to avoid important edge effects, as recently demonstrated in O’Leary et al.

(2013).
Data Analysis

To determine the Cauchy stress (o), the tissue is assumed to be incompressible and have
negligible shear components (Sacks, 2000). Therefore the Cauchy stress was determined

as follows:

co=Foho/TX, and oL=FA/TXe (1) & (2)

where, F is the measured load, A is the stretch, X is the initial length, T is the averaged
initial thickness of the tissue sample and subscripts © and L represent the
circumferential and longitudinal directions, respectively.

Stretch was measured within the central region and was calculated as follows:
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7\.9 = Xe/Xe and XL = X]_/XL (3) & (4)

where, x represents the final length in each direction.

To calculate the potential range of error associated with the thickness measurements
taken of each tissue piece (Figure 4A) and the impact of this potential error on the
calculation of the low stretch modulus (LSM) and high stretch modulus (HSM) (Figure
5 and 6) a maximum measurement error of 8.6% was assumed (this error was
determined in a previous study by this group (O’Leary et al., 2013)). Considering
potential measurement error is present in the thickness measurements both before and
after freezing, the combined error when calculating the percentage difference between
the two parameters was calculated using the propagation of error rule (Taylor, 1997) as
follows:

Errortota = \/((E‘:I‘I‘OI’Fresh)2 + (ErrorFrozen)z) (5 )

Mechanical Parameters

The elastic modulus of the tissue was assessed by calculating the slope of the Cauchy
stress-stretch curve at the toe region (low stretch) and also the linear region (high
stretch). The LSM and HSM was defined as the slope of the linear fit between a stretch
of 1 and 1.05 and 1.15 and 1.2, respectively, stretch values were reached by all samples
(Figure 3). Details of the t-statistic relating to the fit of each linear model are given in
Supplementary Material (A). Similar linearisation methods have been utilised in other

studies (Chow and Zhang, 2011; Venkatasubramanian et al., 2010).
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Figure 3: A typical Cauchy stress-stretch response curve for a porcine aortic sample.
The dashed lines represent the linear fits between a stretch of 1 and 1.05 and 1.15 and
1.2 which were used to measure the low stretch modulus (LSM) and the high stretch
modulus (HSM), respectively.

Statistical Analysis

All measurements are presented as a mean + standard deviation. Relationships between
the mean percentage change in tissue thickness, weight and mechanical properties
versus the storage time and mean percentage change in mechanical properties versus the
aortic samples distance from the heart (superior, middle and inferior) were investigated
using Pearson’s correlation coefficient. Paired t-tests were employed to compare the
thickness, weight, LSM and HSM between the fresh and frozen conditions and the one
way analysis of variance (ANOVA) test was used to compare the differences in mean
properties between the superior, middle and inferior regions of the aorta, regardless of
storage time. A p-value less than 0.05 indicated statistical significance and all statistical

analyses were performed using IBM SPSS Statistics (IBM Corp., 2011, V20.0, NY).
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Figure 4: The average percentage change in (A) thickness and (B) weight post-freezing.
Error bars represent the standard deviation of the group of samples measured at each
time point and (*) indicates a significant difference. The dashed line in (A) represents
the influence of the measurement error, calculated by equation (5), on the average

percentage change between thickness pre- and post-freezing.
RESULTS
Thickness and Weight

Comparing the measurements taken for thickness before and after freezing resulted in
average changes of 6.9 £ 9.5% (p = .01), 4.7 +£ 3.2% (p < .001), 7.7 £ 4.4% (p <. 001),
2.6 +4.9% (p=.07),3.2+6.4% (p =.13) at 1 day, 1 week, 1 month, 6 months and 12
months respectively (Figure 4A). In general, although not always statistically
significant, the average thickness increased post-freezing. However, considering the
range of measurement error associated with each thickness measurement as a result of
utilising a micrometer (Figure 4A), increases in thickness cannot be solely attributed to
the effect of cold storage. Comparing the measurements taken for weight before and
after freezing resulted in average changes of 0.0 + 9.7% (p = .86), 3.1 £ 3.9% (p = .01),
7.7+2.8% (p <.001), 2.4 £4.9% (p = .07), -0.4 = 6.7% (p = .88) at 1 day, 1 week, 1
month, 6 months and 12 months, respectively (Figure 4B). Average percentage increase
in thickness (p = .17) or weight (p = .43) did not have a significant positive correlation

with storage time.
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Figure 5: The average values recorded for the LSM (fop panels) and HSM (bottom
panels) in both the circumferential (left panels) and longitudinal (right panels) before
and after freezing and the percentage change in these properties. Error bars represent the
standard deviation of the properties measured along the length of the aorta at each time
point and (*) indicates a significant difference between paired measurements i.e.
measurement of the same sample before and after freezing. The dashed lines represent
the influence of the measurement error, calculated by equation (5), on the average

percentage change between properties pre- and post-freezing.
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Biomechanical Properties

As presented in Table 1, in general, no significant change to the LSMg, LSM|, HSMg
and HSM_ as a result of freezing was observed. However, at 6 months the LSMg
increased by 12.7 = 15.7% and the HSMg and HSM; increased by 28.3 + 17.5% and
11.9 + 9.8%, respectively. All other average changes to the properties were
approximately within £ 10%. The average change in LSMg (p = .27), LSML (p = .46),
HSMp (p = .57) and HSMy (p = .37) post-freezing did not correlate with storage time.
All average values recorded for the LSM and HSM in both the longitudinal and

circumferential directions and the percentage change are summarised in Figure 5.

Table 1: The average low stretch modulus (LSM) and high stretch modulus (HSM) in
both the longitudinal (©) and circumferential (L) directions for fresh and frozen tissue
and the percentage change at 1 day, 1 week, 1 month, 6 months and 12 months. The
standard deviation associated with each average represents the spread of the properties
measured along the length of the aorta while a p-value of less than 0.05 indicated a
significant difference between paired measurements i.e. measurement of the same

sample before and after freezing.

Low Stretch Modulus (LSM) High Stretch Modulus (HSM)
Time Axis Fresh Frozen 5] % Change Fresh Frozen P % Change
1 Day =) 260 £59 | 253457 | 932 | -2.3+10.7 | 617492 605+89 | 034 [ -1.7%7.9
L 172 £28 175 £30 0.75 27+17.9 422 46 424 £37 0.86 1.0 +£9.4
1 Week e 231£92 | 235%102 | 975 | 2.2+153 | 658237 | 666+285| 923 | 0.6+19.2
L 151 +£41 145 +£38 0.78 2.8+133 400 £89 386 £90 0.08 3.3+7.6
1 Month [E] 221 +£73 229 +73 0.27 4.4 £11.9 580 +£147 545 +£124 | 0.01 -5.8 £6.9
L 164 £48 169 £35 0.53 59 +13.8 436 £59 422 £46 0.11 -2.1 £8.0
6 Month e 223 +38 250 +49 0.00 12.7 £15.7 440 +63 563 +113 | 0.00 | 28.3 +17.5
L 180 £25 176 £31 0.24 -2.5+10.7 332 £45 373 £87 0.00 11.9 £9.8
12 Month e 153 £59 151 £44 0.83 6.8 £15.9 482 £149 481 £130 | 0.96 2.0 +14.0
L 138 +34 131 +£25 0.23 -1.5+17.6 377 =78 356 =57 0.13 -3.1 £18.8

Considering potential errors in the thickness measurement are indirectly proportional to
the calculated value of Cauchy stress and hence, elastic modulus, the average range in
which the percentage change in stress between fresh and frozen samples can be effected
by the measurement error is presented in Figure 5. In general, percentage change due to
measurement error indicates that reported change in stress is as likely due to errors in
the measurement of thickness as due to the effect of freezing. The only exception to
this is LSMg and HSMg whose reported increase in the elastic modulus, even after the
measurement error is accounted for, still remains positive i.e. minimum change in

elastic modulus (unaffected by measurement error) of 6.2% and 21.3%, respectively.
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Figure 6: The average percentage change in the circumferential (/eft) and longitudinal
(right) low stretch modulus (LSM) and high stretch modulus (HSM) for the superior,
middle and inferior regions, regardless of time stored. Error bars represent the standard
deviation of the group of samples measured at region and (*) indicates a significant
difference between the average change in LSM and HSM at the superior, middle and
inferior regions as determined by a one-way ANOVA test. The dashed lines represent
the average range of measurement error, calculated by equation (5), associated with
each average value of elastic modulus. The effect of freezing between regions is so
minor that it cannot be differentiated from the likely error induced from the

measurement of thickness.
Regional Differences

The post-freezing mechanical properties of all samples from the superior, middle and
inferior regions of the aorta, regardless of the time stored before thawing, were
compared to their fresh condition. The percentage change of the superior, middle and
inferior regions in the circumferential direction are: LSMg: 6.4 + 24.1%, 4.1 £ 18.8%, -
1.3 £14.5% , HSMeg: 6.8 + 18.8%, 2.9 + 17.8%, 1.67 = 12.3%, and in the longitudinal
direction are: LSMy: 3.3 £ 19.6%, -0.9 = 18.2%, -6.2 + 10.9%, HSM: 5.2 + 15.3%, -
0.4 £11.5%, -4.4 £ 8.8%. A one way ANOVA was performed to assess the differences
between groups and these results are summarised in Figure 6. In general, no significant
difference was found between the groups however, tests for Pearson’s correlation
revealed the average changes in properties had a negative correlation from the superior
to the inferior region, becoming significant in the higher stretch regions for HSMe (p =
.03) and HSM_ (p = .05). However, when accounting for measurement error it can be

shown that the effect of freezing between the superior, middle and inferior regions
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cannot be attributed to differences in the freezing effect alone and are as likely

influenced by errors in the measurement of thickness.

DISCUSSION

This study investigated the change in thickness, weight and mechanical properties of
porcine aorta post-freezing. A critical aspect of this work is that each sample was tested
in both pre- and post-freezing states, thus removing the likely inter-sample variation
inherent in some previous studies. We also used biaxial mechanical tests, large sample
numbers and various time steps to determine the elastic modulus of the tissue post-
freezing while also accounting for the effects of measurement error, which combined
represent significant improvements and increase the reliability of our results when
compared to previous work. The current study found increases in weight post-freezing
and after accounting for measurement error, the thickness and mechanical properties
were largely the same. Any minor changes to the properties were not found to be
dependent on the time stored and although changes to the elastic modulus were
negatively correlated with regional variances, in that elastic modulus decreased from the
superior to the inferior region, after considering measurement error, these changes could

not solely be attributed to a change in the freezing effect.
Thickness and Weight

In general, the average thickness increased post-freezing. An increase in tissue
dimensions has been reported before (Chow and Zhang, 2011; Gabriel et al., 2006;
Giannini et al., 2008), however, considering the inherent measurement error associated
with using a micrometer to measure the thickness, it cannot be stated that the increase in
thickness observed here is solely attributable to the storage protocol involved and it is
advisable that future studies use a more reliable measurement tool such as

photogrammetry to assess this effect.

A small (average maximum of 7.68%) but statistically significant increase in weight
was observed after samples were frozen at -20°C for 1 week, 1 month and 6 months.
Recent literature examining the changes to ECM post-freezing suggests that the ECM
dilates (increased volume by 8%) and the inter-fibrillar gaps significantly increase as a
result of the volumetric expansion involved in ice crystal formation (Giannini et al.,
2008; Han et al., 2009). In the present study, extra care was taken to ensure the tissue

was submerged in isotonic saline at all times as dehydration of the ECM has been
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shown to increase elastic modulus (Nicolle and Palierne, 2010). An increase in the
number/size of pores within the ECM post-freezing increases the tissue’s porosity (Han
et al.,, 2009) and thus, it is possible that tissue was more saturated at the time of
measurement than the control. This coupled with an increase in volume may offer an
explanation for the small observed potential increase in weight post-freezing. Also, the
expansion of the tissue may partly account for the recorded increase in thickness. In
contrast to this finding, freezing has previously been associated with a decrease in tissue
weight, which the authors assumed to be as a result of freeze induced dehydration
(Venkatasubramanian et al., 2006; Venkatasubramanian et al., 2010). The measurement
of weight and thickness is highly sensitive to the level of saturation and although
actions were taken to control levels of tissue hydration, it is still possible that these
measurements were affected by this variable. Therefore, in order to fully investigate the
effects of freezing on these metrics, future studies should ensure that conditions at the

time of measurement are tightly controlled.
Biomechanical Properties

In general, the results of this study indicate that there is no significant difference
between the LSM and HSM of porcine aortic tissue before and after freezing at -20°C
and was unaffected by storage time. The only exception was LSMg and HSMg of
samples measured at 6 months which appeared to increase by at least 6.2% and 21.3%,
respectively (after measurement error was accounted for). Considering, no significant
differences in the mechanical properties were found pre- and post-freezing for time
points before and after 6 months; it is unlikely that this is an effect of storage or storage

time.

Although, exact freezing methods and time points were not the same, other studies have
also reported no significant effect to the biomechanical properties as a result of freezing
(Adham et al., 1996; Stemper et al., 2007; Virues Delgadillo et al., 2010). However, the
present results differ from studies which reported an increase in elastic modulus (Chow
and Zhang, 2011; Venkatasubramanian et al., 2010; Hemmasizadeh et al., 2012) and
those which reported a decrease in elastic modulus (Venkatasubramanian et al., 2006;
Wang et al., 2006) following various freezing methods and time points. Some of the
previous results should be interpreted with caution due to small sample numbers (Chow

and Zhang, 2011; Virues Delgadillo et al., 2010) and those studies
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(Venkatasubramanian et al., 2006; Adham et al., 1996; Venkatasubramanian et al.,
2010; Stemper et al., 2007) which did not consider the effect of inherent inter-specimen
(Purslow, 1983; Choudhury et al., 2009) and inter-animal variances (Lally et al., 2004)
and also measurement error (Chow and Zhang 2011; Adham et al., 1996;
Venkatasubramanian et al., 2010; Hemmasizadeh et al., 2012; Stemper et al., 2007;
Virues Delgadillo et al., 2010), in assessing the mechanical properties of the aorta. Data
that compare the properties of different fresh versus frozen groups of samples may be
influenced by a change in properties simply due to sample variability rather than as a
direct result of freezing. The present study eliminated such variability by testing each
sample both fresh (average 18 per group) and post-freezing, allowing a direct
comparative study to be conducted. Furthermore, this is the only study to account for
sources of change in the mechanical properties due to the instrument chosen to measure
thickness. The micrometer and similar instruments are routinely used to measure the
thickness of soft tissue and thus, it is possible that other studies, which report large
differences in mechanical properties due to freezing, are presenting results that are
contaminated by errors in the thickness measurement. It should also be noted that the
majority of these studies were performed utilising uniaxial test methods
(Venkatasubramanian et al., 2006; Adham et al., 1996; Wang et al., 2006;
Venkatasubramanian et al., 2010; Hemmasizadeh et al., 2012; Stemper et al., 2007)
which are incapable of assessing the effect of mechanical coupling of the structural

fibres when subjected to multi-directional forces experienced in vivo.
Regional Differences

The average change in the HSM of samples post-freezing, regardless of storage time,
decreased along the length of the aorta from superior to inferior. However, when
measurement’s error is accounted for it becomes clear that these minor changes are as

likely due to potential measurements errors as due to effects of regional variation.
Limitations

This study was limited to the evaluation of the effect of freezing on gross mechanical
properties and, although it has been shown to retain gross mechanical functionality,
microstructural differences and cellular viability, which are important assessments of its
usefulness in tissue engineering or transplantation applications (Han et al., 2013) were

not examined. This should be addressed in future studies with tools such as histology,
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cell image deformetry (CID) and scanning electron microscopy (SEM). Furthermore,
the regions of the aorta that were analysed were located above the renal arteries and
therefore the abdominal aortic region was not considered in these analyses. Also, in
order to successfully retest tissue post-freezing, mechanical testing was limited to the
physiological stretch range. Therefore, the effect of freezing on the ultimate strength of
the tissue was not assessed. In addition, although care was taken to attach the tines at
the same location pre- and post-freezing, this was not confirmed and therefore, the
resultant strain field may have been altered. However, considering strain was measured
in the central region of the sample, it is expected that any adverse effects on the strain
field due to the reattachment of the tines would not extend to this region. Furthermore, it
is possible that within the 4.5 hours it takes to acquire, prepare and test the aortic tissue,
the tissue’s structure may have begun to degrade, which may have adverse effects on
the mechanical properties (Stemper et al., 2007). However, considering the same tissue
piece was tested before and after freezing we do not believe that this impacted the
assessment of the changes in the mechanical properties as a result of freezing. This
study was further limited by utilising a micrometer to measure the thickness of the
aortic sample pre- and post-freezing. The measurement error associated with this
instrument prevented the detection of smaller changes in mechanical properties due to
freezing. However, when the forces generated for samples in the fresh and frozen
condition at each time point were compared, similar trends were observed (Appendix
C). All reported results are based on the properties of healthy porcine aorta and may
only serve as a qualitative assessment of the effect of freezing on the arteries of other

species.

CONCLUSION

The results of this study indicate that, although there are minor changes to the weight of
the tissue, there is no significant difference between the key mechanical properties
responsible for maintaining tissue functionality, before and after freezing at -20°C,
independent of the storage time involved. This suggests that, for applications which
require preservation of the gross mechanical properties, storing the tissue at -20°C in
isotonic saline, for an extended period of time, is acceptable. However, a further
assessment of the effect of freezing using more accurate tools for measuring thickness is

warranted to detect smaller changes in the mechanical properties pre- and post-freezing
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and in particular, the apparent changes in elastic modulus at the superior and inferior

regions of the aorta.
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SUPPLEMENTARY MATERIAL

APPENDIX A

Table Al: The t-statistics associated with each linear model fitted to the low stretch
region (LSR) between a stretch of 1 and 1.05 and high stretch region (HSR) between a
stretch of 1.15 and 1.2 of the each stretch ratio versus Cauchy stress response plots in
both the fresh and frozen condition and in both the circumferential (©) and longitudinal

(L) direction. The associated p-values were less than 0.001 in all cases.

TIME FRESH FROZEN
STORED
S) L S) L
1 DAY LSR 27.3+8.38 241+8.4 30.8+9.6 29.7+11.0
HSR 70.3+16.8 60.8 +16.3 57.5+8.6 64.6 +21.0
1 WEEK LSR 27.3+10.0 25.8+5.6 28.9+94 229+6.4
HSR 48.2+20.3 64.3+253 47.1+154 61.3+21.8
1 MONTH LSR 30.8%+7.6 23.5+£5.6 33.8+11.2 22.6 6.2
HSR 51.4+148 63.7+14.0 51.2+17.7 67.3+21.8
6 MONTH LSR 35.7+11.2 33.2+8.6 35.9+11.9 249+8.2
HSR 51.9+12.8 58.7+245 70.9+13.2 43.7+12.8
1YEAR LSR 22.9+9.5 21.5+7.4 22.7+7.6 26.6+9.3
HSR 50.8 +21.5 42.8+15.8 53.9+13.9 61.5+24.7
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Chapter Three Intraluminal Thrombus (ILT)

ABSTRACT
Background

Intraluminal Thrombus (ILT) is present in 75% of clinically-relevant abdominal aortic
aneurysms (AAAs) yet, despite much research effort, its role in AAA biomechanics
remains unclear. The aim of this work is to further evaluate the biomechanics of ILT

and determine if different ILT morphologies have varying mechanical properties.
Methods

Biaxial mechanical tests were performed on ILT samples (n = 365) harvested from 19
patients undergoing open surgical repair. ILT were separated into luminal, medial and
medial/abluminal layers. A total of 356 tests were performed and the Cauchy stress (o)
and Tangential Modulus (TM) at a stretch ratio (A) of 1.14 were recorded for each test

in both the circumferential (©) and longitudinal (L) directions.
Results

Our data revealed three distinct types of ILT morphologies, each with a unique set of
mechanical properties. All ILT layers were found to be isotropic and inhomogeneous.
Type 1 (n = 10) was a multi-layered ILT (thick medial/abluminal layer) whose strength
and stiffness decreased gradually from the luminal to the medial/abluminal layer. Type
2 (n = 6) was a multi-layered ILT (thin/highly degraded medial/abluminal layer) whose
strength and stiffness decreased abruptly between the luminal and medial/abluminal
layer and Type 3 (n = 3) is a single layered ILT with a lower strength and stiffness than
Types 1 and 2. In a sub-study, we found the luminal layer to be stronger and stiffer in

the posterior than the anterior region.
Conclusions
This work provides further insights to the biomechanical behaviour of ILT and the use

of our ILT classification may be useful in future studies.
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INTRODUCTION

Abdominal aortic aneurysm (AAA) is the gradual expansion of the distal region of the
aorta. The total number of people with AAA is estimated to be 1.1 million (prevalence
1.4%) between the ages of 50 and 84 years old in the United States (Kent et al., 2010).
If undetected, AAAs can continue to expand until eventual rupture, with the risk of
rupture for AAAs with diameter > 6¢cm estimated to be 10 - 20% (Brown et al., 2003).
Rupture of AAA is a catastrophic event and accounts for 1.3% of all deaths among men
aged between 65 and 85 years old and represents the 14™ leading cause of death in the
United States (Lederle, 2009). Prediction of AAA rupture is non-trivial and while
endovascular aortic repair (EVAR) has greatly improved the standards of AAA
treatment (Schermerhorn et al., 2008, Lederle et al., 2009); pre-emptive surgical
intervention is still considered high risk. Current clinical risk assessment is typically
based on maximum AAA diameter and growth rate. To improve rupture risk
assessment, it has been hypothesised that rupture occurs when the intramural stress
exceeds the strength of the AAA wall and by utilising the finite element method (FEM)
it has been shown that regions of elevated wall stress correlate with an increased rupture

risk (Maier et al., 2010, Doyle et al., 2010, Fillinger, 2007).

The prediction of AAA wall stress and hence rupture risk, is largely influenced by its
material model, which is defined by its mechanical properties, and the AAA geometry.
The inclusion of anisotropy has been found to increase wall stress (Vande Geest et al.,
2008, Rodriguez et al., 2008, Rodriguez et al., 2009), while AAA length (Rodriguez et
al., 2008), degree of asymmetry (Doyle et al., 2009) and tortuosity (Pappu et al., 2008)
have also been linked to an increased rupture risk. Furthermore, it has been shown that
failure to compensate for the effects of preloaded geometries (CT images acquired at
one instant within the cardiac cycle), may lead an overestimation of the wall stress
(Raghavan et al., 2006, de Putter et al., 2007, Lu et al., 2007, Speelman et al., 2009). It
is important to note that there is currently no ‘gold standard’ with regards to the
computational modelling approach (Doyle et al., 2011), however, it is generally agreed

that the intraluminal thrombus (ILT) must be included in the computational model.

ILT is a complex fibrin structure, infiltrated by a continuous network of canalculi,
platelets, red blood cells and other hematopoietic cells (Adolph et al., 1997). It is
located within the sac of 75% of clinically-relevant AAAs (Harter et al., 1982) yet its
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role in AAA rupture risk is much disputed and not entirely understood. It has been
reported that the ILT allows transmittance of the entire mean arterial pressure to the
AAA wall (Schurink et al. 2000) while at the same time significantly reducing the stress
at the wall (Mower et al., 1997, Di Martino et al., 1998, Wang et al., 2002, Di Martino
and Vorp, 2003). Thubrikar et al. (2003) proposed that although the ILT may not reduce
pressure at the wall, its complex fibrous structure may reinforce the wall thus, reducing
AAA strain and overall rupture risk. This hypothesis was also supported by Polzer et al.,
(2012) who after modelling the ILT as a poroelastic material, capable of transmitting the
blood pressure to the wall, reported a reduction in the stress at the wall. However, when
both the ILT and AAA wall are modelled as porohyperelastic materials, the peak
principal wall stress increased when compared to the more commonly employed
hyperelastic material models and these increases were also found to be positively
correlated with an increase in AAA diameter (Ayyalasomayajula et al., 2010). Aside
from ILT’s role in pressure transmission, its complex biological structure is thought to
be responsible for the proteolytic (Swedenborg and Eriksson, 2006, Kazi et al., 2005)
and hypoxic (Vorp et al., 2001) degradation of the wall, resulting in a thinner wall of
diminished strength. These effects coupled with reports implicating ILT failure as a
predecessor of AAA rupture (Roy et al., 2008, Polzer et al., 2011) may outweigh any

potential protective benefits of the presence of the ILT structure.

It is therefore unclear whether ILT increases or decreases the rupture risk of AAA. A
recent review of AAA biomechanics highlighted the lack of mechanical ILT data; ‘there
have been limited studies on the mechanical properties of intraluminal thrombus’ as a
specific need to improve our understanding of the influence of ILT in vivo (Humphrey
and Holzapfel 2012). However, due to the recent popularity of EVAR, the opportunities
to harvest and conduct mechanical tests on this tissue are becoming rare. Utilising
uniaxial test methods, it was found that the failure strength and stiffness was lower than
that of the AAA wall (Di Martino et al., 1998), decreased radially throughout the
thickness of the ILT (Wang et al., 2001, Gasser et al., 2008), the material was isotropic
(Wang et al., 2001), may be susceptible to fatigue failure (Gasser et al., 2008) and the
properties may be region specific (Celi et al., 2012). Studies using biaxial tests, which
are considered a better representation of the in vivo loading conditions and can
investigate mechanical anisotropy, were also employed. However, there was little

agreement regarding the anisotropy of the luminal layer; reported as isotropic by Vande
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Geest et al. (2006b) and partially anisotropic by Tong et al. (2010). Despite these
findings, FE models which have been used to assess the influence of ILT on AAA wall

stress, have in most cases assumed the ILT is isotropic and homogeneous (Vande Geest

et al., 2008, Li et al., 2008, Georgakarakos et al., 2009, Doyle et al., 2013).

The aim of this study is to further evaluate the mechanics of different ILT morphologies
utilising biaxial test methods. In particular, we aim to investigate if properties are: (a)
directionally dependent and (b) homogeneous — radially (throughout its thickness) and

where possible, regionally (around the circumference of the lumen).

METHODS
Tissue Specimens

This study was approved by the Hospital and University Ethics Committees and patient
consent was granted. ILT was harvested, in its entirety where possible, from 19 patients
undergoing open AAA repair at the HSE Midwestern Regional Hospital, Limerick. We
identified three distinct types of ILT based on visual inspection of the morphology
(Figure 1).

Figure 1: Photographic images of the morphologies of ILT Type 1, 2 and 3. Type 1 has
a distinct luminal layer and thick underlying medial/abluminal layers. Type 2 has a
distinct luminal layer and thin/degraded underlying medial/abluminal layers. Type 3 has

a single homogenous, fluid like layer.

e Type 1 (n = 10): Multi-layered structure with a distinct luminal layer and thick

underlying medial and abluminal layers.
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e Type 2 (n = 6): Multi-layered structure similar to Type 1 however; medial and
abluminal layers were either very thin or highly degraded.
e Type 3 (n = 3): Single-layered, homogenous and fluid like structure thought to

be fresh or newly developed thrombi.

Upon excision, all samples were stored frozen at -20°C until further analysis (van Dam

et al., 2006, Hinnen et al., 2007, Gasser et al., 2008).
Tissue Preparation

ILT samples were thawed at 4°C overnight, allowed to equilibrate at room temperature
(~ 20°C) and then immersed in warm (37°C) isotonic saline. As ILT typically encircles
the lumen in vivo (Figure 2 (A)), we could easily identify the circumferential and
longitudinal directions of the structure, with the longitudinal direction being defined as
the direction parallel to the luminal blood flow. We ensured that the correct orientation

was maintained throughout the preparation and subsequent testing phases.

Figure 2: Tissue preparation method. (A) Differentiating the luminal, medial and
medial/abluminal layers. (B) Separation of the layers. (C) Separated luminal, medial and
medial/abluminal layers. (D) A representative 14mm square sample cut from the

luminal layer for biaxial testing.
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To investigate the radial homogeneity of the tissue, specimens were separated based on
approximate distance from the lumen. The luminal layer was carefully detached from
the rest of the tissue (Figure 2 (B)) however, as the transition from medial to abluminal
was not always obvious, we measured the thickest region of the tissue and separated it
into approximately equal parts. This resulted in a luminal, medial, and medial/abluminal
layer (Figure 2 (C)). Following the separation of layers, 14mm square samples were cut

from each layer (Figure 2 (D)) using a custom made die.

To investigate for regional homogeneity of the tissue, eccentric-anterior ILT which fully
encircled the AAA sac (n = 3) were utilised. The ILT’s posterior and anterior regions
were approximated by comparing the maximum ILT thickness to that measured in the
patient’s corresponding Computed Tomography (CT) scan (Figure 3). Layers were
separated as before, however, square samples from the posterior luminal layer (little or
no underlying medial or abluminal layers) and the anterior luminal layer (thick
underlying medial and abluminal layers) were divided into Group’s 1 and 2,

respectively (Figure 3).

Figure 3: Axial CT image (left) and photographic image (right) of a representative
eccentric-anterior thrombus. Red arrows represent the thickness of the anterior bulge,
used to determine approximate orientation of ILT. Blue (Group 1) and white (Group 2)

dashed lines denote the regions from which ILT luminal samples were compared.

Using a digital micrometer (Mitutoyo, Series 293), all sample’s thickness was measured
at five locations, repeated three times and averaged (O’Leary et al., 2013). We then
applied a light mist of white paint (enamel, rustoleum) to the surface of the tissue for

use with the optical strain tracking system (Malcolm et al., 2002). Samples were
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allowed to dry and then immersed in isotonic saline to avoid any adverse effects of

tissue dehydration (Zhu et al., 2003).
Biaxial Test Method

Specific details of our biaxial tensile test methods have been recently reported (O’Leary
et al., 2013). Briefly, the square samples (14 x 14mm) were mounted in a BioTester
5000 test system (Cellscale, Biomaterials Testing, Waterloo, Canada) using a set of four
BioRakes, one rake per side (specific details of the Cellscale Biotester can be found in
Appendix A). Each BioRake consists of five evenly spaced tungsten tines used to pierce
and grip adjacent sides of the square tissue sample. Each specimen was mounted so that
it was stretched in the circumferential and longitudinal directions. All samples were
submerged in 37°C isotonic saline and tested using a displacement controlled protocol
in equibiaxial mode. The BioRakes were set to displace by 20% of the gripped area
(8.9mm x 8.9mm) at a rate of 0.2mm/s. Samples were preconditioned for 10 cycles,
with data from the final cycle used for subsequent analysis. As the tissue was stretched,
the force was measured continuously by a 5N load cell (accurate to 10mN) and images
of the tissue were taken by a charge coupled device (CCD) camera (1280 x 960 pixels at
15 frames per second). A speckle pattern was applied to the tissue’s entire surface, prior
to testing, by a single pump of an aerosol spray paint held approximately 1 metre above
the tissue, and the emitted light mist of paint was allowed to descend onto the tissue’s
surface. Application of a speckle pattern allowed for the strain to be measured
accurately using the particle tracking software provided with the BioTester. All strain
measurements were computed using the particle tracking software provided with the
BioTester and analysed from the central 25% of the tissues dimensions to avoid
important edge effects. This method is fully described in O’Leary et al. (2013) and the
associated Supplementary Material (Appendix B). An example of this previous work for
A =1.07 and A = 1.14 is shown in Figure 4. Previous reports have either assumed that
edge effects are minimal in the centre region (Okamoto et al., 2002, Vande Geest et al.,
2006b, Tong et al., 2011) or have demonstrated that their data was obtained from
regions free of edge effects (Nielsen et al., 1991, Sun et al., 2005, Eilaghi et al., 2009).
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Data Analysis

To determine the Cauchy stress (o), the tissue is assumed to be incompressible
(Kontopodis et al., 2013) and have negligible shear components (Vande Geest et al.,

2006b). Therefore the Cauchy stress was determined as follows:

Op — Fe)»e/ TXL and OoL— F L}LL/ TXe

where, F is the measured load, A is the stretch, X is the initial length, T is the averaged
initial thickness of the tissue sample and subscripts © and L represent the
circumferential and longitudinal directions, respectively. Stretch was measured within

the central region and was calculated as follows:
7\9 = Xe/ Xe and 7\'L = XL/ XL

where, x represents the final length in each direction.

Figure 4: Comparison of strains in the circumferential (Eg) and in the longitudinal (Er)
directions at (A) A = 1.07 and (B) A = 1.14. The blue cells represent the area which can

be considered sensibly uniform and free from edge effects (Eo/ Ep. < 1.1).
Mechanical Parameters

The Cauchy stress at a stretch of 1.14 (stretch value within the physiological range
reached by all samples) was recorded for each ILT sample and the averaged values were
compared in both the circumferential and longitudinal directions. The stiffness of the
tissue was assessed by calculating the Tangential Modulus (TM) in each direction;

defined as the slope of the Cauchy stress-stretch curve at a stretch of 1.14.
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Statistical Analysis

All measurements are presented as a mean + standard deviation. The Shapiro-Wilk
normality test was performed prior to statistical tests which assumed a normally
distributed sample. Relationships between the sample characteristics (i.e. patient age,
maximum AAA diameter, ILT thickness and mass) were assessed using the Pearson
correlation coefficient and a Chi-square test investigated associations of ILT type with
patient clinical data (i.e. gender, smoking, renal disease etc.) One way ANOVAs were
performed to determine differences between sample characteristics and the ILT type and
also between the mechanical properties associated with each ILT type. Paired t-tests
were employed to detect differences between the mechanical properties in the
circumferential and longitudinal direction and also between the ILT layers of Type 2,
while a Repeated ANOVA assessed differences between the layers of Type 1. Finally,
Independent t-tests were utilised to assess differences between the posterior and anterior
mechanical properties. A two-sided p-value less than 0.05 indicated statistical
significance for all Pearsons correlation tests and Chi-square tests. When multiple tests
were performed the appropriate significance level at which each test was conducted was
calculated using the Bonferroni correction. The adjusted level for significance (a’) was
determined as follows: o’ = o/m, where a is the family-wise significance level (0.05)
and m is number of tests performed. All analyses were performed using IBM SPSS
Statistics (IBM Corp. Released 2011. IBM SPSS Statistics for Windows, Version 20.0.
Armonk, NY: IBM Corp).

RESULTS
Sample Characteristics

To summarise patient sample characteristics; 16/19 of patients were male; our cohort
was 71.2 £ 7.34 years; the maximum AAA diameter, ¢, was 5.83 £ 1.28cm; ILT
thickness was 2.44 + 1.08cm and ILT mass was 48.95 + 33.96g. The ILT thickness (r =
.610, p = .035) and ILT mass (r = .725, p = .008) both had a significantly positive
correlation with AAA ¢. The ILT thickness (r = .744, p = .004) was also found to have a

significant positive correlation with ILT mass.

The groups (Table 1) were well matched for age (p = .768) and maximum diameter (p =
.645). The thickness (p = .045) and mass (p = .049) of Type 3 was on average lower

than that of Type 1 and Type 2, however, the difference was not significant when using
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the Bonferroni corrected level of significance. We did not find any significant
association between the ILT type and patient’s gender (p = .447), smoking (p = .080),
emergency/elective repair (p = .262), hypertension (p = .264), hyperlipidaemia (p =
.508), ischaemic heart disease (p = .226), previous coronary artery bypass graft (p =
.262), diabetes (p = .615), renal disease (p = .456), previous cerebral vascular accident
(p = .385), atrial fibrillation (p = .385), chronic obstructive pulmonary disease (p =
.643), peripheral artery disease (p = .264), aspirin (p = .564), warfarin (p = .176), Plavix
(p =.765), betablocker (p = .065) and statin (p = .508).

Table 1: Patients’ average parameters for ILT types 1, 2 and 3.

Type n Male Age Max AAA @ | Thickness Mass
(%) (years) (cm) (cm) (9)
1 10 80 70.1 £6.3 6.9 +1.3 2.87 £0.5 60.33 £32.3
6 83 69.4 £9.2 6.1+1.3 2.37 £0.9 44,22 £32.8
3 100 73.3+9.6 6.3+0.6 0.85+0.6 10.00 £2.0

In total, 19 luminal, 16 medial and 10 medial/abluminal layers were prepared for testing
and 356 square samples were tested successfully (average: 11/luminal layer, 7/medial

layer and 4/medial/abluminal layer).
Average Biaxial Responses

The average ¢ - A response for individual layers of the three thrombus types in the
circumferential and longitudinal directions are shown in Figure 5. All average curves
appear to exhibit mild non linearity. Examining the percentage difference between TM
at the initial (A = 1.01) and final (A = 1.14) stretches in the circumferential and
longitudinal directions (Table 2), it can be seen that the degree of non-linearity

decreases from the luminal to the medial/abluminal layers.
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Figure 5: Average equibiaxial Cauchy stress (o)-stretch (1) curves for individual layers

of each ILT type in the circumferential (O) (left) and longitudinal (L) (right) directions.

Table 2: The percentage difference (% Diff) between the values for Tangential
Modulus (TM) at the initial (A = 1.01) and final (A = 1.14) stretches in the

circumferential (©) and longitudinal (L) directions for the individual layers of each ILT
type. The % Diff was calculated as follows: % Diff = (TM@A = 1.01 + TM@A = 1.14)/
(TM@A = 1.01 + TM@A = 1.14)/2)).

TMo(kPa) @A=101 ‘ TMg(kPa) @A=L14 |

TM, (kPa) @A=1.01 | TM, (kPa) @A=1.14 ‘

oDiff /oDiff
Type 1

Luminal 32.19 +7.05 100.27 £27.85 | 100.76 £16.65 |  35.66 +7.31 120.91441.61 | 104.39 +£23.27

Medial 32.04 £11.54 94.56 £29.34 98.32 £22.01 36.67 £18.48 94.67+23.31 91.47 £24.98

Medial/Abluminal | 30.46 £9.09 65.13+27.22 | 66.97 £28.65 |  31.06 £13.27 67.65 £28.54 | 74.72 £17.60
Type 2

Luminal 39.60 £2.71 134.81 £39.86 | 105.18 +21.73 | 49.41 +7.78 147.52 £29.62 | 98.93 £7.56

Medial 16.92 £6.36 39.06 £19.49 66.36 £40.98 28.75 £14.25 60.58 £33.92 63.82 £19.30
Type 3

Luminal 1558 +6,66 | 43.65+30.83 | 78.20%51.01 | 12834791 | 3795+1772 |102.32 +10.34

Table 3: Comparing values for Cauchy stress (¢) and Tangential Modulus (TM) in the

circumferential (©) and longitudinal (L) directions for the individual layers of each ILT

type. A p-value less than 0.004 indicates a statistically significant difference between

the properties after the Bonferroni correction.

GokPa) | okPa) | p | TMo(kPa) | TMkPa) | p

Type 1

Luminal 8.34+2.10 | 9.31+2.53 [0.38| 100.27 £27.85 | 120.91 £41.61 | 0.13

Medial 8.11+3.92 | 8.21+238 [0.41| 94.56+29.34 | 94.67 £23.31 | 0.63

Medial/Abluminal | 6.35+2.47 | 6.47+2.64 |0.66| 65.13+27.22 | 67.65+28.54 | 0.61
Type 2

Luminal 11.21+£2.69 |12.78£3.13 |0.08 | 134.81 +39.86 | 147.52 £29.62 | 0.46

Medial 392+£1.98 | 578+3.24 |0.08| 39.06+19.49 | 60.58 £33.92 | 0.06
Type 3

Luminal 320149 | 334+1.41 [0.85| 43.65+30.83 | 37.95+17.72 | 0.79
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Directional Dependency

The mean o and TM values for the individual layers of each ILT type are summarised in
Table 3. Although statistical significance was not achieved, in general, the longitudinal
o and TM were higher than the circumferential 6 and TM for each layer and ILT type
(Table 3). This likely indicates that the mean response of the individual layers of each
ILT type is isotropic.

Homogeneity
Radial Properties

Figure 6 highlights trends and statistically significant differences between the measured
mechanical properties within and between ILT Types. In general, the average o and TM
of Types 1 and 2 decreased from the luminal to the medial/abluminal layer. However,
there was a significant decrease in ce (p = .008) and TMg (p = .007) and o (p = .004)
and TMp (p = .004) between the luminal and medial layers of Type 2 whereas, the
properties decreased gradually across the thickness of the ILT for Type 1 (oo (p =.097),
TMe (p = .066), oL (p = .155) and TM_ (p = .063)). The ce (p = .004), oL (p = .008),
TMp (p =.019) and TM_ (p = .008) of luminal layers of Type 1 and 6o (p =.001), o1 (p
= .001), TMp (p = .006) and TMp (p = .007) of luminal layers of Type 2 were
significantly higher than the single luminal layer of Type 3. However, when the
Bonferroni correction for multiple tests was applied and p < 0.004 was used as the
threshold for significance, only the 6o (p =.001) and o1, (p = .001) of luminal layers of
Type 2 remained significantly higher than the single luminal layer of Type 3.
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Figure 6: Bar chart illustrating (A) Cauchy stress (o) in the circumferential (©) and (B)
longitudinal (L) directions and (C) Tangential Modulus (TM) in the circumferential
direction and (D) longitudinal directions for the individual layers for each ILT type. (*)
indicates a statistically significant difference between the properties at significance level
of 0.05. (**) indicates a statistically significant difference between the properties after

the Bonferroni correction (significance level of 0.004).

Table 4: Comparing values of Cauchy stress (¢) and Tangential Modulus (TM) in the
circumferential (©) and longitudinal (L) directions for Groups 1 and 2. A p-value less
than 0.004 indicates a statistically significant difference between the properties after the

Bonferroni correction.

Group og(kPa) p o (kPa) p TMg(kPa) p TM_ (kPa) p
1 1047 £2.13 15.20 £3.99 128.19 £23.48 194.31 £45.96
2 5.04£1.37 |0.02] 9.11+£0.97 | 0.06| 60.67£11.33 |0.01 | 125.22 £25.74 | 0.08

Regional Properties

Although statistical significance was not achieved at the Bonferroni adjusted level of
significance (p < 0.004), it is apparent from Table 4 that the ¢ and TM in Group 1

(luminal layer with little or no underlying medial or abluminal layers) were higher on
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average than Group 2 (anterior luminal layer which had thick underlying medial and

abluminal layers) in both the circumferential and longitudinal directions.

DISCUSSION

In this study, we investigated the biaxial mechanical properties of ILT from patients
undergoing open AAA repair. All ILT were found to have isotropic and inhomogeneous
properties. Specifically, we identified three types of ILT morphologies, each with
unique values for Cauchy stress () and Tangential Modulus (TM). We have also shown
that there may be regional variation in mechanical properties. We believe the results of
this study may provide an insight into AAA rupture risk by lending itself to a number of
areas such as: the development of an improved numerical model to further FEM studies,
the advancement of non-invasive imaging techniques (i.e. Magnetic Resonance
Elastography (MRE) (Thomas-Seale et al., 2011) and acoustic radiation force impulse
(ARFI) imaging (Tierney et al., 2011) understanding the various states of the disease,
the development of more realistic ILT phantom materials for experimental purposes
(Corbett et al., 2010) and finally, guiding the design of stents and stent placement

strategies.
Directional Dependency

Comparing the mean ¢ and TM in the circumferential and longitudinal direction it was
found that in general, the layers of all ILT are isotropic. This finding is consistent with
previous reports of isotropy in the luminal (Vande Geest et al., 2006b), medial and
abluminal layers (Tong et al., 2011). However, in contrast to Tong et al. (2011) who
found 10/33 luminal layers to be anisotropic with preferential strength and stiffening in
the longitudinal direction, we only observed marginal increases in longitudinal strength

and stiffness and as such our data does not indicate luminal layer anisotropy.
Homogeneity
Radial Properties

Previous uniaxial (Wang et al., 2001, Gasser et al., 2008) and biaxial (Tong et al., 2011)
studies have reported changing radial tensile properties in multi-layered ILT with Tong
et al. (2011) also reporting the properties of fresh thrombus. Type 1 displays a gradual
decrease in strength and stiffness from the luminal to the medial/abluminal layer,

consistent with Gasser et al. (2008) and Tong et al., (2011). However, Type 2 shows a
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change in properties between the luminal and medial layer (Wang et al., 2001) and
finally Type 3, was weaker and more compliant than Types 1 and 2. From the present
results, it is possible that the differing degrees of radial heterogeneity reported in earlier
studies can be attributed to previously unrecorded morphological differences between

the ILT tissues.

It is likely that the three different ILT types each impact the in vivo biomechanics
differently. For example, although the 6 and TM for the luminal layers of Types 1 and
2 are similar, it is possible that such large inhomogeneities within the structure could
generate significant stress distortions (Mower et al., 1997) which could lead to the
ultimate failure of the structure. Failure of the ILT has previously been linked to an
increase in AAA rupture risk (Polzer et al., 2011). Furthermore, Type 3 displayed very
low load bearing potential and it is questionable what role this type of thrombus plays,
if any, in AAA rupture risk. In previous studies, layers beyond that of the luminal could
not be successfully tested in tension, which questioned whether these layers underwent
tensile deformation in vivo (Vande Geest et al., 2006b). However, considering all layers
and ILT types were successfully tested within this study it may be that the mounting and
gripping techniques used to test these specimens are of great importance. In this study,
samples were positioned on a mounting press. This mounting press was then raised into
place using a manual lift mechanism. Once in place a small downward pressure was
manually placed on all four biorakes allowing each of the 20 tines to pierce the tissue
simultaneously and with ease. Once the sample was attached the mounting press was
removed. This negated any adverse effects associated with handling of the weaker
layers in order to attach hooks and sutures, the gripping method of choice in previous

studies.

In order to assess the influence of each ILT type on AAA wall stress, future studies
should incorporate these findings into computational models for AAA wall stress
analyses. By relating categories of ILT morphology directly to rupture risk, it is
possible that with the recent advancements in imaging modalities, e.g. MRI (de la Motte
et al., 2013), ILT appearance could potentially play a role in preoperative AAA rupture

risk assessment.

Comparing the mechanical properties found in this study to similar studies is difficult

due to slight differences in experimental methods. The maximum tangential stiffness
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(MTM) and maximum peak stretch (MPS) have been reported by Vande Geest et al.
(2006b) and Tong et al. (2011) due to their biaxial tension controlled protocols.
However, in the present study, a displacement controlled protocol was employed and
thus the measurement of o and TM at a given stretch (1.14) was more appropriate.
Broadly comparing the TM values for the isotropic luminal layer recorded by Tong et
al., (2011) at a similar stretch to values recorded here (Ao = 1.15 £ 0.05 and A, =1.13 £
0.04 vs. Ao = 1.14), our values for TM are lower (TMg = 189 + 48kPa vs. 101 + 28kPa
and TMp = 206 = 71kPa vs. 121 + 42kPa). Aside from the inter-patient variation,
deviances may also be explained by different tissue mounting and attachment methods
and their potential influence on the resultant properties. In our set-up, samples were
raised into place using a manual lift mechanism allowing each of the 20 tines to be
attached simultaneously with ease. This avoided any unintentional prestress due to
attachment. For highly compliant materials such as ILT even small prestresses may

result in higher values for stiffness (Polzer et al., 2013).
Regional Properties

The 6 and TM in both the circumferential and longitudinal directions for the luminal
layer of eccentric anterior ILT were found to be higher in Group 1 than in Group 2
(Table 4). Although the differences were large, differences in the mean properties were
not of statistical significance and this may be in part attributed to the small sample
number (n = 3) tested. To the best of our knowledge, this is the first study to examine
the regional biaxial properties of ILT. Our findings are consistent with those of Celi et
al. (2012) who investigated the regional variation by uniaxial test methods in four
patients and found that specimens from the postero-lateral area (similar to Group 1)
were stiffer than the anterior bulge region (similar to Group 2). According to Celi et al.
(2012) who also performed histological analyses on the ILT samples, reasons for
regional heterogeneity may be attributed to the presence of collagen in the posterior
region which was absent in the anterior region. Future work should include a detailed
histological and biochemical study to provide a better understanding of the underlying

reason for regional variation in properties.

Limitations

Although, several studies have reported a negligible effect on the mechanical properties

of arterial tissue due to freezing (Adham et al., 1996, Stemper et al., 2007, Virues
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Delgadillo et al., 2010) and intraluminal thrombus due to freezing (van Dam et al.,
2006, Hinnen et al., 2007), testing the tissue fresh would be more appropriate.
Unfortunately, due to logistics this was not an option for this study. Furthermore,
investigations should be performed to analyse the effect of freezing on the newly
developed thrombus (Type 3). Substantial effort was made to eliminate the effect of the
gripping method on the derived mechanical properties and yet the response of the small
tissue pieces may not fully represent the response of the complete ILT structure.
Additionally, residual stresses and strains, if present, were not accounted for in this
analysis. The assessment of directional dependency of the ILT mechanical properties
was limited to comparing the circumferential and longitudinal properties derived from
the equibiaxial stretch mode. The employment of additional stretch ratios for example
0.75:1, 1:0.75, 0.5:1, 1:0.5 may provide a more in depth analysis of the degree of
isotropy/anisotropy across the entire physiological range (Vande Geest et al., 2006a,
Vande Geest et al., 2006b). The assessment of regional properties around the
circumference of the lumen was limited to three samples. In order to confirm these
findings future work should focus on collecting and assessing the mechanical properties

of ILT which fully encircle the AAA lumen.

CONCLUSION

The aim of this study was to increase our understanding of the mechanics of the ILT by
investigating if properties are: (a) directionally dependent and (b) homogeneous. We
have identified three types of ILT based on morphology, each with distinct material
properties that may be useful for future classifications of the structure. In general, the
ILT was shown to behave in an isotropic manner. This further verifies the
computational modelling assumption whereby the ILT is typically regarded as isotropic
and utilising the biomechanical properties presented here may aid in the development of
improved numerical models for the assessment and prediction of AAA rupture risk.
Furthermore, with the advancing ability of medical imaging, there is potential to
establish a relationship between ILT appearance, mechanical behaviour and ultimately,

the risk of rupture.
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ABSTRACT
Background

Rupture of the Abdominal Aortic Aneurysm (AAA) occurs when the local wall stress
exceeds the local wall strength. Knowledge of AAA wall mechanics plays a
fundamental role in the development and advancement of AAA rupture risk assessment
tools. Therefore, the aim of this study is to evaluate the biaxial mechanical properties of

AAA tissue.

Methods

Multiple biaxial test protocols were performed on AAA samples (n = 34) harvested
from 28 patients undergoing open surgical repair. Both the Tangential Modulus (TM)
and stretch ratio (A) were recorded and compared in both the circumferential (©) and
longitudinal (L) directions at physiologically relevant stress levels, the influence of
patient-specific factors such as sex, age AAA diameter and status were examined. The

biomechanical response was also fitted to a hyperelastic material model.
Results

The AAA tissue was found to be anisotropic with a greater tendency to stiffen in the
circumferential direction compared to the longitudinal direction. An anisotropic
hyperelastic constitutive model represented the data well and the properties were not

influenced by the investigated patient-specific factors.

Conclusions

This work provides further insights on the biomechanical behaviour of AAA and may

be useful in the development of more reliable rupture risk assessment tools.
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INTRODUCTION

Abdominal aortic aneurysm (AAA) is a primarily asymptomatic, degenerative disease
defined as a localised and irreversible dilatation of the distal aortic wall by more than
50%'. The prevalence of AAA increases with age and in the United States the
estimated total number of people, aged between 50 and 84 years old, with AAA is 1.1
million (prevalence 1.4%)”. If untreated, AAA progressively expands until it ruptures.
Rupture of AAA is responsible for approximately 6,000 to 10,000 deaths per year in the
USA*®. Considering individual AAAs are treated based on the assessment of rupture
risk, it is imperative that this assessment is accurate. Currently, preventative surgical
treatment is recommended when the maximum diameter is greater than 5.5cm (5cm in
women) and the growth rate is greater than lcm/year®. However, reports of ruptured
smaller AAAs’ and nonruptured larger AAAs® have questioned the reliability of this
criterion. Based on the hypothesis that rupture occurs when the induced wall stress
exceeds the wall strength, many researchers have advocated that the finite element
method (FEM) (determining the peak wall stress computationally) may aid in the

prediction of AAA rupture’*.

Considering the AAA material model chosen to describe the mechanics of the AAA
wall in vivo is integral to the validity of wall stress computations'®, it seems of crucial
importance to fully understand, evaluate and describe the mechanics of the AAA wall
accurately. The development of AAA is associated with a degradation of structurally

16-19 and therefore has a direct

important connective tissues such as elastin and collagen
impact on the tissue’s mechanical properties. Previous assessments of AAA
biomechanics utilising uniaxial mechanical test methods have found that the AAA
tissue is weaker and stiffer than non-aneurysmal aorta®®>, has regionally varying

24, 25

properties and can vary significantly from patient-to-patient*®. Also, some studies

have reported similar properties in both the circumferential and longitudinal

20, 27

directions , while another found that the tissue tended to be more stiff in the

circumferential than the longitudinal direction*.

Considering AAA tissue is subjected to multi axial loading in vivo, biaxial testing is
recommended™. This mode of testing is essential for detecting anisotropy and
determining the material coefficients for nonlinear constitutive models where multiple

test protocols, spanning the entire range of physiological stresses, are required to ensure
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accuracy’. These factors have been shown to have a direct influence on

computationally derived AAA rupture risk assessment' > ** !

. Despite this, there have
been few studies which have investigated the biaxial properties of AAA tissue. Vande
Geest et al’® reported that the AAA was anisotropic with a reduction in AAA
extensibility and an increase in AAA stiffness in the circumferential direction compared
to the abdominal aorta. In addition, this study demonstrated the differences in the strain
energy derived from uniaxial and biaxial data, further underlining the superiority of the
biaxial test mode. While in basic agreement with the previous work, Tong et al.*
concluded that the age of the intraluminal thrombus (ILT) increased the mechanical

anisotropy and decreased the strength of the underlying AAA wall.

Investigating the influence of patient-specific factors such as sex, age, AAA diameter
and AAA status, i.e. elective or emergency repair, on the AAA biomechanical
properties may contribute to the understanding of which patients are more susceptible to
rupture. Although some of these factors have been linked to AAA failure properties

22, 27, 34-36

previously , their influence on the biaxial properties has not been well

documented®’.

Knowledge of AAA wall mechanics plays a fundamental role in the development and
advancement of AAA rupture risk assessment tools. Therefore, the aim of this study is
to (a) evaluate the biaxial mechanical properties of AAA tissue, (b) estimate the
material coefficients of a suitable constitutive model capable of describing the tissue’s
biomechanical response and (c) investigate the influence of various patient-specific

factors on the biaxial mechanical properties of AAA.

METHODS
Tissue Specimens

This study was approved by the University Hospital Limerick and the University of
Limerick Ethics Committees and patient consent was obtained in all cases. Tissue from
the anterior region of the AAA wall was harvested from 28 patients undergoing open
AAA repair at the University Hospital Limerick. All tissue was excised such that the
longitudinal dimension was always larger than the circumferential dimension. Upon
excision, all samples were stored frozen in isotonic saline at -20°C until further

analysis®®™*.

86



Chapter Four Abdominal Aortic Aneurysm (AAA)

Tissue Preparation

AAA tissue samples were thawed at 4°C overnight, allowed to equilibrate at room
temperature (~ 20°C), and then immersed in warm (37°C) isotonic saline. To prepare
the samples for tensile testing the loose connective tissue was carefully removed from
the abluminal side of the tissue. At least one 14 mm square sample was cut from each
tissue piece using a custom made die orientated such that the long axis was parallel to
the blood-flow. Care was taken to avoid atherosclerotic or calcified regions when
cutting the samples. Using a digital thickness gauge (Mitutoyo, Series 547), the
thickness of all samples was measured at five locations, repeated three times and
averaged as described in a recent study’'. A light mist of white paint (enamel,
rustoleum) was then applied to the surface of the tissue for use with the optical strain
tracking system™. Samples were allowed to dry (~ 5mins) and then immersed in

isotonic saline (37°C) to avoid any adverse effects of tissue dehydration®.

Biaxial Test Method

Specific details of the biaxial tensile test methods have been recently reported*' **.

Briefly, the square samples (14 x 14mm) were mounted in a BioTester 5000 test system
(Cellscale, Biomaterials Testing, Waterloo, Canada) using a set of four BioRakes, one
rake per side (specific details of the Cellscale Biotester can be found in Appendix A).
Each BioRake consists of five evenly spaced tungsten tines used to pierce and grip
adjacent sides of the square tissue sample. Each specimen was mounted so that it was
stretched in the circumferential and longitudinal directions. All samples were
submerged in 37°C isotonic saline and tested using a series of circumferential to
longitudinal displacement controlled ratios, i.e. Ag:Ar = 1:1, 0.75:1, 1:0.75, 0.5:1, 1:0.5,
0.25:1, 1:0.25, 1:1. The 1:1 ratio was repeated at the end of the regime to ensure the
tissue was not mechanically compromised as a result of test protocols. The BioRakes
were set to displace by a maximum of 20% of the gripped area (8.9mm x 8.9mm) at a
rate of 0.2mm/s. Therefore, a prescribed ratio of for example Ao:AL = 0.75:1 was
equivalent to a circumferential stretch of 15% and a longitudinal stretch of 20%.
Samples were preconditioned for 10 cycles for all protocols, with data from the final
cycle used for subsequent analysis. As the tissue was stretched, the force was measured
continuously by a 5N load cell (accurate to 10mN) and images of the tissue were taken

by a charge coupled device (CCD) camera (1280 x 960 pixels at 15 frames per second).
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All strain measurements were computed using the particle tracking software provided
with the BioTester and analysed from the central 25% of the tissues dimensions to avoid
important edge effects. This method is fully described in O’Leary et al*' and the
associated Supplementary Material (Appendix B).

Data Analysis

The Cauchy stress was determined as follows:

Co~— Fe)x,e/ TXL and oL = FLXL/ TX@

where, F is the measured load, A is the stretch, X is the initial length, T is the averaged
initial thickness of the tissue sample and subscripts © and L represent the
circumferential and longitudinal directions, respectively. Stretch was measured within

the central region and was calculated as follows:

7\,9 = Xe/Xe and 7\‘L = XL/XL
where, x represents the final length in each direction.
Mechanical Parameters

The stretch and Tangential Modulus (TM) were recorded at a Cauchy stress of 80kPa
and 150kPa for each tissue sample in both the circumferential and longitudinal
directions. These values represent a range of stresses that the AAA is potentially
exposed to in vivo and have previously been utilised by similar studies (Vande Geest et
al., 2006c, Tong et al., 2011, Tong et al., 2013). The Tangential Modulus (TM) was
calculated by determining the slope of the Cauchy stress-stretch curve at each stress
level. The stretch and TM were compared in the circumferential and longitudinal
directions, at both 80kPa and 150kPa, in order to identify and quantify anisotropy as a
function of stress. To compare the degree of anisotropy present within the experimental
data to that predicted by the constitutive model (described later), the following

anisotropic index (AI) was calculated at 150kPa:

A

exp E

Al

Where, subscript ‘exp’ relates to the experimental data and the material is considered

isotropic when Al = 1.
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Constitutive Model

46,47 - - 32
7, anisotropic ™

The AAA tissue was assumed to be a homogeneous™®, incompressible
33 hyperelastic material undergoing finite deformations. Based on these assumptions, a
constitutive model originally proposed by Choi and Vito®, for canine pericardium,

849

employed by Sacks and Choung, 1998™ for chemically modified bovine pericardium

and most recently by Vande Geest e al.** for both aneurysmal and non-aneurysmal

abdominal aortic tissue was chosen to fit the data presented here.

The proposed strain energy function (SEF) takes the following form:

2 2 2 2 2 2
1(Ag3-1 12 %-1 AgZ-1\[A %-1
bli 2 bZE 2 bz 2 2
W = b, |e +e + e

Where, W is the strain energy and by, b;, b, and bs are the material coefficients to be
determined. Considering, ;i = Ai(dw/dA;), the expressions for Cauchy stress are as
follows:

2 2 2
W21 bll(AGZ—l) L2 1 b3()g —1)(?LL —1)
6p = by xezbl( 4 z )e Az )y lezb3( L )e 2 2

and

oL = bo |27, ()ﬁ%) ebz%ﬁf + A bs ()LBZT_l) eb(AGT_l)(ALT_l)
The data from the test protocols 1:1, 0.75:1, 1:0.75, 0.5:1, 1:0.5 for each sample in the
circumferential and longitudinal direction were then simultaneously fitted to this model
using a Marquart-Levenberg least-squares optimisation technique’’ and the material
coefficients were obtained for individual samples. As previously suggested by Vande
Geest et al.’ 2, constraints i.e. b; > 0, b, > 0 and b; > 0 were imposed to ensure that the
parameters were physically sensible. In order to obtain a single set of material constants
which represent the group of samples, data from each protocol was averaged to obtain a
single dataset to which the material model could then be fitted to. Additional test
protocols, Ag:Ar = 0.25:1 and 1:0.25 were then used to assess the predictability of the

model based on the derived material coefficients.
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Based on the relative contribution of both material coefficients b; and b, to the strain

energy, the following measure of anisotropy was calculated® **#°.

by
AImod = E

Where, subscript ‘mod’ relates to the material model and as before, the material is

considered isotropic when Al = 1.

Statistical Analysis

All measurements are presented as a mean + standard deviation. The Shapiro-Wilk
normality test was performed prior to statistical tests which assumed a normally
distributed sample. Paired t-tests were employed to detect differences between the
mechanical properties in the circumferential and longitudinal direction of each tissue
sample. Independent t-tests were utilised to assess differences in the tissue’s properties
grouped by patient-specific factors, i.e. sex, age, AAA diameter and AAA status.
Pearson’s correlation coefficient was used to determine if a relationship existed between
Aleyp and Aljyoq. A two-sided p-value less than 0.05 indicated statistical significance for
all paired and independent t-tests and also when determining a Pearson’s correlation
coefficient. All analyses were performed using IBM SPSS Statistics (IBM Corp.
Released 2011. IBM SPSS Statistics for Windows, Version 20.0. Armonk, NY: IBM

Corp).
RESULTS

Sample Characteristics

To summarise patient sample characteristics; 22/28 of patients were male, 18/28 were
elective repair, the average maximum AAA diameter, ¢, was 6.65 £ 1.57cm and the
average patient age was 71.60 = 6.67 years. In total, from the AAA wall tissue samples
of 28 patients, 34 specimens were tested successfully. Samples which underwent
structural damage (n = 7) during testing evidenced by the final 1:1 testing ratio were
excluded from the results. The main reason for structural damage was attributed to the
tines pulling through the tissue when experiencing high force. Where more than one

sample was tested from the same tissue piece (patient no. = 5), the average mechanical
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properties of the specimens were chosen to represent the overall mechanical response

for that patient.

Equibiaxial Response
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Figure 1: The average tangential modulus (TM) and stretch ratio (A) evaluated at 80kPa
and 150kPa in the circumferential (©) and longitudinal (L) directions of the equibiaxial
response curves. The percentage change in properties between the axes is illustrated and
(*) indicates a statistically significant difference between the properties at a significance

level of 0.05.

As shown in Figure 1, the AAA tissue was found to be anisotropic, with higher average
TM values and lower average A values in the circumferential than in the longitudinal
direction when evaluated at both 80kPa (i.e. TMg vs TM: 4.2 + 1.3MPa vs 3.7 £
0.9MPa (p = .04) and Ao vs Ap: 1.09 £ 0.02 vs. 1.10 £ 0.02 (p = .02)) and 150kPa (i.e.
TMevs TMy: 8.1 £3.2MPa vs 6.6 £ 1.2MPa (p =.01) and A g vs A.: 1.11 £ 0.03 vs. 1.12
+ 0.03 (p = .06)). Therefore, in general the tissue is found to be stiffer and less
extensible in the circumferential than in the longitudinal direction. The percentage
difference between TM measured in each direction is shown to increase (9%) when
measured at higher stresses while, the percentage difference between A is shown to

decrease (3%) at higher stresses.
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Constitutive Model

Table 1: Material parameters derived from the previously described material model,
calculated anisotropic index values and the material model correlation coefficients

associated with individual patient’s fit.

Patient bo(kPa) b, b, b; Alpod  Aleg R?
1 0.27 86.96 241.06 126.04 0.60 0.69 0.96
2 0.72 175.48 277.16 158.23 0.80 0.86 0.96
3 0.56 156.81 57.85 96.05 1.65 1.32 0.98
4 0.59 387.36 320.61 198.02 1.10 1.13 0.98
5 0.12 528.78 204.54 224.17 1.67 1.84 0.97
6 0.40 327.72 241.17 163.24 1.17 1.18 0.98
7 0.62 432.08 216.93 251.22 1.41 1.29 0.95
8 0.25 269.44 281.00 190.57 0.98 0.97 0.94
9 0.78 187.14 253.54 159.42 0.86 0.86 0.96
10 0.47 329.87 106.88 193.23 1.76 1.36 0.95
11 0.32 124.67 162.23 109.56 0.88 0.90 0.98
12 0.30 255.51 158.10 114.04 1.27 1.15 0.99
13 0.26 291.19 156.46 169.83 1.36 1.17 0.94
14 0.34 345.08 305.69 225.18 1.15 1.22 0.92
15 0.11 277.37 533.46 412.65 0.72 1.07 0.89
16 0.38 290.21 84.73 110.23 1.85 1.24 0.99
17 0.48 396.95 68.85 157.59 2.40 1.44 0.90
18 0.51 204.43 217.80 145.33 0.97 1.40 0.95
19 0.47 188.07 190.84 129.27 0.99 0.94 0.95
20 1.33 230.43 155.24 87.72 1.22 1.01 0.98
21 0.23 281.27 339.74 204.32 0.91 1.27 0.92
22 0.20 268.70 176.39 129.37 1.23 0.93 0.98
23 0.63 405.74 292.17 261.57 1.18 1.14 0.94
24 0.59 182.92 96.91 98.95 1.37 1.14 0.98
25 0.35 207.08 85.27 99.49 1.56 1.20 0.98
26 0.41 64.11 303.00 248.35 0.46 1.27 0.97
27 0.16 263.16 221.22 127.60 1.09 0.76 0.99
28 0.95 435.34 218.80 374.57 1.41 1.08 0.93

From the average material parameters reported in Table 2 and the Cauchy stress-stretch
response plots of the multiple test protocols in both the circumferential and longitudinal
directions illustrated in Figure 2, it can be seen that the material model provided an
excellent fit for the averaged group data (R? = 0.98) and also fitted the individual
samples very well (R? = 0.95 + 0.04). Validation of the models predicative capabilities

based on the group material coefficients and using test protocols, 25:1 and 1:25 (Figure
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3) was also successful and the agreement between the model and the experimental data

was high (R? = 0.98).

Table 2: The average material parameters derived from the previously described
material model, the upper and lower 95% confidence intervals (C.1.) and the material

model correlation coefficients for each dataset.

bo(kPa) b, b, b; R?

Upper 95% C.I. 0.70 306.37 198.88 223.61 0.98
Average 0.45 306.83 213.34 218.71 0.98
Lower 95% C.I. 0.22 299.08 245.21 191.84 0.92

Figure 2: The averaged Cauchy stress-stretch response curves for the prescribed
multiple biaxial test regimes (Ao:Ar = 1:1, 0.75:1, 1:0.75, 0.5:1, 1:0.5) in both the
circumferential (left) and longitudinal (right) directions and the material model fit (solid

lines).
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Figure 3: The predicted model fit based on group material coefficients for additional
group averaged test protocols Ag:Ar = 1:0.25 (left) and 0.25:1 (right). These protocols
were not used to derive the group material coefficients and therefore represent a

validation of the model.

A positive correlation was found between the Ale, and Alnog values (r = .85, p < .01)
which again shows good agreement between the model and the experimental data and
also implies that either index can be employed to assess the degree of anisotropy
(Figure 4). The Alyoq values indicate that the relative contribution of b; to the strain
energy is higher than b, for 19/28 patients, lower than b, for 6/28 patients and
approximately equal for the remaining 3 patients (0.95 > AI < 1.05).

Figure 4: Correlation between the anisotropy indices associated with the experimental

data (Alex, = M/Ae, @150kPa) and the material model (Alpoa= N bi/by).
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Patient-specific Factors

Table 3 compares the measured mechanical properties based on various groupings such
as male vs. female, AAA diameter: <5.5cm vs. >5.5cm, AAA status: elective vs.
emergency repair (ruptured or highly symptomatic) and patient age: <70 years vs. >70
years. There was no significant difference found between the mechanical parameters

measured for any of these groups.

Table 3: Material parameters, tangential modulus (TM) and stretch ratio (1) evaluated
at 80kPa and 150kPa in both the circumferential (©) and longitudinal (L) directions for

patient-specific factors patient sex, age, AAA diameter and status.

Variable n A @80kPa TM (MPa) @80kPa A @150kPa TM (MPa) @150kPa
e L e L =] L e L
Sex Male 22 1.10+£0.01 1.11£0.03 4.07+1.23 3.68+1.08 1.11+0.03 1.12+0.03 7.74+3.04 6.43+£2.15
Female 6 1.08+0.01 1.10+0.03 4.69+141 4.14+0.64 1.10+0.02 1.11+0.03 8.96+3.19 7.85+2.29
P 0.17 0.33 03 0.94 0.24 0.54 0.39 0.17
Age <70vyears 12 1.09+0.02 1.10+£0.02 3.89+043 3.68+0.72 1.11+0.02 1.12+0.02 7.82+2.71 6.42+1.39
>70years 16 1.09+0.02 1.10+0.03 4.44+162 384+1.19 1.11+0.03 1.12+0.03 8.15+3.37 6.98+2.70
p 0.67 0.69 0.26 0.69 0.97 0.52 0.78 0.52

Diameter |<5.5cm 8 1.08+0.02 1.09+0.03 411+1.42 3.68+0.79 1.10+0.02 1.11+0.03 7.15+297 6.85+2.19
>5.5cm 20 1.09+0.02 1.11+0.02 4.23+1.25 3.81+1.09 1.11+0.03 1.12+0.03 8.35+3.09 6.69+2.28
p 0.84 0.74 0.15 0.32 0.53 0.58 0.45 0.93
AAA Status | Elective 18 1.09+0.02 1.11+0.03 446+146 692 +£2.26 1.11 £+0.02 1.12 £+0.03 8.34+3.15 6.92+2.26
Emergency 10 1.09+0.02 1.10+0.02 3.73+065 6.41+222 111+0.03 1.12 +0.02 7.41 £+292 6.41+2.22
p 0.84 0.74 0.15 0.74 0.54 0.61 0.45 0.57

DISCUSSION

In this study, the biaxial mechanical properties of AAA tissue from 28 patients
undergoing open AAA repair were evaluated. In general, the AAA tissue was found to
be anisotropic with a tendency to be stiffer in the circumferential than in the
longitudinal direction. The constitutive relationship chosen to model the biomechanical
response provided an excellent fit for the data and the material coefficients derived from
the averaged model were shown to be capable of predicting physiologically relevant
loading regimes accurately. A significant difference in mechanical properties as result

of sex, age, AAA diameter or AAA status was not detected.
Equibiaxial Response

Comparing our results to the literature, our study concurs that AAA is anisotropic with
preferential stiffening in the circumferential direction®>**. While, our reported values of

1.%* at the same stress level, i.e. 8.1 +

TM at 150kPa are comparable to those of Tong et a
3.2MPa and 6.6 = 1.2MPa vs. 8.7 = 1.7MPa and 6.6 + 2.7MPa in the circumferential

and longitudinal directions respectively, the magnitude of the differences between our
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measured material properties in each direction is lower, i.e. 20% vs. 27%. Vande Geest
et al. > reported average values for TM in each direction that were larger than either of
these studies, i.e. 11.7 £ 1.9MPa and 8.3 = 1.2MPa and also had more pronounced
anisotropy (34% difference between TM in the circumferential and longitudinal

direction).

Interestingly, larger deviances were reported for the values of stretch in both directions
compared to previous studies, i.e. Ao = 1.07 £ 0.03 and A = 1.11 £ 0.0433, =107+
0.01 and A = 1.09 £ 0.01°% vs. ko = 1.11 + 0.03 and Ay = 1.12 % 0.03 (current study
@150kPa) and also the average percentage difference between these directions is larger
i.e. 44% and 25%°7 vs. 9% (current study @150kPa). Considering our reported values
for TM in the stiff region of the Cauchy stress—stretch response plots are similar,
differences in the reported values of stretch indicate that there was an increase in
extensibility in the toe region of the Cauchy stress—stretch response plot prior to
stiffening compared to these studies. In a more recent publication by Polzer ez al."®, who
performed similar tests on the AAA tissue of a smaller group of patients (n = 7), a

similar trend was observed.

There are a number of possible reasons for deviations in the biomechanical parameters
found between these studies. For example, the presence of high inherent inter- and intra-
tissue variability is always influential when comparing mechanical properties between
different groups of patients. This issue may have been further exasperated in this study
considering the groups of patients being compared are of different nationality, i.e. Irish
(current study), American’> and Austrian”, and it is known that nationality may
influence AAA epidemiology”. Furthermore, the presence of intraluminal thrombus is

20-31 and hypoxic™® degradation of the wall

thought to be responsible for the proteolytic
resulting in a thinner wall of diminished strength. In addition, increasing thrombus age
has also been associated with an increasing degree of anisotropy of the underlying AAA
wall>®. Considering data detailing the thrombus age is unavailable for the current study
and it is not clear whether the AAA wall tested by both Vande Geest et al.** and Polzer
et al."”® had previously been covered by thrombus, it is possible that the variation in
stiffness, extensibility and degree of anisotropy may be associated with the presence,

absence or age of the intraluminal thrombus.
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Constitutive Model

Although we found that the degree of anisotropy (differences between the TM and A in
the circumferential and longitudinal direction) to be small at lower stresses (80kPa), it
was shown to increase with stress (150kPa). Therefore, our decision to choose an
anisotropic model to represent the biomechanical response of AAA tissue in vivo is
justified. The anisotropic index associated with the constitutive model also corroborates
the findings from the measured mechanical properties which indicated that the
circumferential direction has a tendency to be stiffer than the longitudinal direction.
Although the majority of the tissue specimens displayed preferential stiffening in the
circumferential direction, variations in the preferred direction also existed within the test
data. Due to the changes of the wall’s structural components such as elastin and
collagen as a result of aneurysm progression, anisotropy can be affected which has
previously been observed in aortic aneurysmal tissues>> and most other arteries®> >,
Comparing our material coefficients to those acquired in a similar study of AAA by
Vande Geest et al.>?, our group values are comparable but lower, i.e. by, b;, b, and b; =
0.44, 297.0, 219.9 and 184.3 vs. 0.14, 477.0, 416.4 and 408.3, which is not surprising
considering the previously discussed differences in the mechanical properties between

studies.
Patient-specific Factors
Sex

A recent biaxial study’® and a previous uniaxial study’> of the AAA biomechanical
properties have concluded that men have AAA tissue that is stiffer, less extensible and
has a higher tensile strength than women, which may explain why although, the

occurrence of AAA is less common in women>> >

, the relative incidence of rupture is
greater than their male counterparts’ . However, the current study, for which the ratio of
male to females is comparable to these previous studies, i.e. 21:6%, 24:10°% and 22:6
(current study), did not find a significant difference between the AAA mechanical
properties of men and women and on average the female properties were higher than
males. This suggests that the difference in rupture risk observed between men and
women may not be significantly influenced by their biomechanical properties and other

58, 59

reported factors such as an increased AAA growth rate in females may play a more

dominant role.
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Patient Age

It has been reported previously that the stiffness of the non-aneurysmal aorta increases

- 61
with age

, which is thought to be linked to a decrease in the amount of elastin and
an increase in the amount of collagen present in the aortic wall as it ages®. It is also
well known that the prevalence of AAA increases with age®. Although no statistically
significant difference was found between the measured properties of patients over and
under 70 years of age the average stiffness was increased and extensibility remained
unchanged for the older group, which indicates that the aortic wall even in the presence

of AAA may increase in stiffness as it ages.
AAA Diameter

A larger diameter AAA is associated with an increase in rupture risk'” ®* . However,
in the largest uniaxial study and histological assessment of AAA tissue to date®, the
AAA tissue of diameter > 5.5cm (n = 65) was found to be have a higher failure strength
and extensibility than the AAA tissue of diameter < 5.5cm (n = 25). In contrast, this
study which examined the biaxial properties of a smaller amount of patients (> 5.5cm =
20 vs. < 5.5cm = 8), although proportionally similar, did not detect a significant
difference in the properties between these two groups. Reasons for increases in
mechanical strength as the aneurysm increases in size have been attributed to wall
remodelling which results in an increase in the absolute mass of the collagen present.
However, the exact pathogenesis of AAA is still not fully understood and the exact rate
at which the AAA remodels in not known. This reason and possibly as a result of lower
patients numbers, may help explain why this study did not detect a significant

difference between the two groups.
AAA Status

It is hypothesised that AAA rupture occurs when the wall stress exceeds the wall
strength, however, there have been no known studies reporting the difference in biaxial
properties between the ruptured and nonruptured AAA tissue, presumably due to the life
threatening nature of AAA rupture repair surgery. Interestingly our study did not detect
a statistically significant difference in the mechanical properties between the two
groups. Although not directly comparable due to differing test modes, the findings
support the most recent uniaxial study of the AAA biomechanics of entire AAA

structures where it was concluded that the regional properties of ruptured AAAs are not
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globally weaker than nonruptured AAAs’®. In a similar study, it was found that the
stiffness was unaffected by AAA status however, the failure stress was significantly

decreased for ruptured AAAs vs. nonruptured AAAs.
Future Perspective

Patient-specific factors such as sex, age, AAA diameter and AAA status, i.e. elective or
emergency repair, have not been found to significantly influence AAA biomechanical
properties and therefore, it may not be possible to differentiate those AAAs which are
more susceptible to rupture than others, based on these factors. Although these findings
need to be confirmed by examining their influence amongst a larger cohort of patients,
it is likely that they do not play a key role in determining AAA rupture risk. Although
other factors such as the presence of calcification have been shown to correlate with
increased AAA rupture risk®, their influence on AAA biomechanical properties has not
been well documented and has rarely been included in computational rupture risk
assessments®’. Therefore, future examinations of the influence of calcification on AAA

properties may further the understanding of AAA rupture risk.
Limitations

Due to the nature of AAA repair surgery, excised samples for the purposes of this study
were restricted to the anterior region of the AAA sac. This is limitative, considering,

24
»36, 68,69 and for the

AAA mechanical properties have been found to change regionally
ruptured or highly symptomatic patient group, assessment of properties was not at the
actual rupture site. Furthermore, considering the tissue specimens had to be at least
I14mm x 14mm for successful biaxial testing, the size of the excised tissue limited the
number of samples that could be prepared per patient. Unfortunately, excision of the
complete AAA structure is extremely rare and can only be attained post mortem. As
previously mentioned, at high stresses the tines had a tendency to pull through the AAA
tissue sample; therefore, failure properties of the AAA tissue could not be assessed.
Substantial effort was made to eliminate the effect of the gripping method on the
derived mechanical properties and yet the response of the small tissue pieces may not
fully represent the response of the complete AAA structure. Additionally, residual
stresses and strains, if present, were not accounted for in this analysis. Furthermore, the

evaluation of tensile stress may be subject to minor errors as a result of the instrument

used to measure the sample thickness®'.
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CONCLUSION

The aim of this study was to increase our understanding of AAA mechanics by; (a)
evaluating the biaxial mechanical properties of AAA tissue, (b) estimating the material
coefficients of a suitable constitutive model capable of describing the tissue’s
biomechanical response and (¢) investigating the influence of various patient-specific
factors such as sex, age, AAA diameter and AAA status on the biaxial mechanical
properties of AAA. In general, biaxial tests revealed the AAA tissue is anisotropic with
a greater tendency to stiffen in the circumferential direction compared to the
longitudinal direction. An anisotropic hyperelastic constitutive model was found to
represent the data well and should be employed in future finite element studies of AAA
tissue for a more realistic assessment of AAA wall stress and rupture risk. No
significant difference was found between any of the patient groups based on sex, age,
AAA diameter and AAA status and their associated mechanical properties. Therefore,
based on these findings, it is unlikely that these patient-specific factors are associated
with AAA rupture risk. It is possible that other factors such the presence of

calcification may have a greater influence on the AAA rupture risk.
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&KDSWHU )RXU $SEGRPLQDO $RUWLF

ORUSKRORJ\ DQG WKH '"HWHUPLQDWLRQ RI /D\HU DQG 5HJ
%LRPHFK

6WHUJLRSXORV 1 9XOOLpPR] 6 5DFKHY $ OHLVWHU -- *Ut
+RPRJHQHLW\ RI WKH (ODVWLF 3URSHUWLHYV DQG &RPSRVL)
9DVF 5HV

&KXRQJ &- )XQJ <& &RPSUHVVLELOLW\ DQG FRQVWLWXWLY
UbGLDO FRPSUHVVLRQ H[SHULPHQWYVY - %LRPHFK

*LUHUG ;- $FDU & ORXUDG - - %RXWRX\ULH 3 6DIDU 0( /DX
Rl WKH KXPDQ DUWHULDO ZDOO DQ LQ YLWURG6XOWUDVRXC

&KRL +6 9LWR 53 7ZR 'LPHQVLRQDO 6WUHVV 6WUDLQ 5
SBHULFDUGLXP - %LRPHFK (QJ

6DFNV 0 &KXRQJ & 2UWKRWURSLF OHFKDQLFDO 3URSHUMW
%RYLQH 3HULFDUGLXP $QQ %LRPHG (QJ

6ZHGHQERUJ - (ULNVVRQ 3(5 7KH ,QWUDOXPLQDO 7KURPEX
$FWLYLW\ $QQ 1 < $FDG 6FL

.DJL 0 =KX & 5R\ - 3DXOVVRQ %HUQH * +DPVWHQ $ 6ZHGH(
LQ ODWUL[ 'HJUDGLQJ B3URWHDVH ([SUHVVLRQ DQG $FWLYLW
7TKURPEXV &RYHUHG :DOO RI $EGRPLQDO $RUWLF $QHXU\VP
%LRO

9R®) /HH 3& :DQJ '+- ODNDURXQ 06 1HPRWR (0 2JDZD 6 H\
RI LQWUDOXPLQDO WKURPEXV LQ DEGRPLQDO DRUWLE DQH.
ZHDNHQLQJ - 9DVF 6XUJ

2NPRWR 5 :DJHQVHLO - 'H/RQJ : 3HWHUVRQ 6 .RXFKRX
OHFKDQLFDO 3URSHUWLHV RI 'LODWHG +XPDQ $VFHQGLQJ

.DPHQVNL\ $ 'JHQLV < .D]PL 6- 3HPEHUWRQ 0 3LSLQRV , 3
PHFKDQLFDO SURSHUWLHV RI WKH KXPDQ WKRUDFLF DQG D
VXEFODYLDQ UHQDO DQG FRPPRQ LOLDF DUWHULHV %LRI




