
Biomechanics of ascending aortic aneurysms:  

An investigation into 2D strain echocardiography and 

tensile mechanics to identify at-risk patients 

 

 

 

 

 

 

Alexander Emmott 

Department of Chemical Engineering 

McGill University 

Montreal, Québec, Canada 

April 2018 

 

 

A thesis submitted to McGill University in 

partial fulfillment of the requirements of the 

degree of Doctor of Philosophy 

 

©Copyright Alexander A. Emmott, 2018



 

 
i 

 

The Traveller hasteth in the Evening. 

-William Blake 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
ii 

Acknowledgements 

I would like to sincerely thank my supervisor Prof. Richard Leask and my de facto co-

supervisor Dr. Kevin Lachapelle for their support and encouragement throughout the project. 

I would also like to thank Dr. Ismail El-Hamamsy for his collaboration with the project, as 

well as all the members of the Leask Lab. 

 

I’ve had the privilege of sharing the hallowed halls of McGill with good friends whose 

patience and support have helped me meet this challenge: Leron Vandsburger, Adamo 

Petosa, Paul Jonak, Scott Cooper, Karli McDonald, Avital Horowitz and many others.  

 

To my friends back in BC, Allan Corrigal and Michael Turner: thank you both for your 

support and friendship over the years. 

 

To my parents, Janet and Neil, sister Jen and her husband Tristan: you’ve always offered me 

love, patience and support which gives me the confidence to push myself. Thank you. 

 

Finally, to Vanessa: it was with your love and encouragement that I met this challenge. 

 

Funding: The work presented in this thesis was supported by grants from Heart and Stroke 

Canada and the Canadian Institutes of Health Research (CIHR). I would like to thank the 

McGill Engineering Doctoral Award (MEDA) and the generous support of Lorne Trottier 

through the Lorne Trottier Engineering Graduate Fellowship.  



 

 
iii 

Abstract 

The aorta is the largest artery in the body and serves as the conduit for systemic blood flow 

from the heart. Its central property is its passive elastic behaviour that converts fluid energy 

to elastic potential during systole and subsequently returns that stored potential to maintain 

systemic circulation during diastole. With disease the pathological remodelling of the wall 

can result in an impairment of its elastic function, particularly in the case of an aortic 

aneurysm.  If left unrepaired, aortic aneurysms carry significant risk of tearing and often 

result in death or serious disability. Clinical guidelines for surgical intervention are based on 

aortic diameter thresholds, but unfortunately these criteria are insufficient and an estimated 

40% of dissection and rupture cases occur at diameters below the surgical guidelines. Aortic 

diameter criteria do not fully relay the risk that elastic impairment and pathological 

remodelling contribute to dissection or rupture. Herein, this thesis tested the hypothesis that 

the elastic or mechanical properties of the aortic wall can be used as a marker of ascending 

aortic dysfunction and contribute added information beyond size to identify at-risk patients.  

 

In this work we used transesophageal echocardiography, an application of ultrasound 

imaging to the heart and great vessels, to assess the mechanical properties of the ascending 

aorta and subsequently validated this methodology with ex vivo tensile analysis on resected 

tissue. Specifically, we developed novel in vivo stiffness metrics termed the Cardiac Cycle 

Pressure Modulus (CCPM) and the Cardiac Cycle Stress Modulus (CCSM) that were 

compared with aortic wall histology and ex vivo stiffness and energy loss parameters that 

have been widely reported, previously. This approach was applied globally (i.e., 

circumference averaged) and regionally at four distinct foci around the aortic circumference. 
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Global CCPM and CCSM were significantly predictive of ex vivo mechanical indices and 

histopathology and could be used to identify patients with adverse aortic remodelling who 

did not meet standard surgical criteria of ≥5.5 cm diameter. Regional analysis demonstrated 

that heterogeneity in CCPM and CCSM increased with medial degeneration creating uneven 

distribution of physiological stress in the aortic wall. Furthermore, both tensile and 

compressive strain patterns were observed simultaneously in neighbouring regions of some 

patients suggesting a more complex physio-mechanical environment than had previously 

been appreciated. Ultimately, this work proposes a novel assessment technique to follow 

patients with ascending aortic aneurysms that may provide a crucial added dimension to 

surgical management of patients. 
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Résumé 

L’aorte est la plus grosse artère du corps et sert de conduit pour le flux sanguin systémique 

du cœur. Elle est caractérisée principalement par son comportement élastique passif, au cours 

de la systole, qui permet de convertir l’énergie des fluides en un potentiel élastique. Lors de 

la diastole, ce potentiel emmagasiné est utilisé afin de maintenir la circulation systémique. 

En condition pathologique, la paroi vasculaire subit un remodelage qui peut entraîner une 

altération de sa fonction élastique telle qu’observée dans les cas d’anévrismes aortiques. Sans 

traitement, les anévrismes aortiques comportent un risque important de rupture pouvant 

mener à une invalidité grave ou à la mort. Les lignes directrices cliniques pour l'intervention 

chirurgicale sont basées sur des seuils de diamètre aortique. Malheureusement, ces critères 

d’intervention sont de faibles prédicteurs d’incidents puisque environ 40% des cas de 

dissection et de rupture se produisent à des diamètres inférieurs aux lignes directrices 

chirurgicales. Le diamètre de l’aorte est un critère insuffisant pour établir la détérioration 

élastique et le remodelage pathologique du vaisseau contribuant à la dissection et la 

rupture. Dans le cadre de la présente thèse, nous avons testé l'hypothèse que les propriétés 

élastiques ou mécaniques de la paroi aortique peuvent être utilisées comme un marqueur de 

la dysfonction aortique ascendante et contribuer à titre de valeur ajoutée au critère de 

diamètre afin d’identifier les patients à risque. 

 

Dans le cadre de la présente thèse, nous avons utilisé l'échocardiographie trans-

œsophagienne, une technique qui nous permet d’évaluer les propriétés mécaniques de l'aorte 

ascendante via l'imagerie ultrasonore du cœur et des grands vaisseaux. Nous avons ensuite 

validé cette méthodologie avec un essai de traction ex vivo sur tissu réséqué. Plus 
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précisément, nous avons développé de nouvelles mesures de rigidité in vivo appelées le 

«Cardiac Cycle Pressure Modulus» (CCPM) et le «Cardiac Cycle Stress Modulus» (CCSM). 

Ces nouvelles mesures ont été comparées avec différentes techniques bien établies dans la 

littérature telles que l'histologie, les paramètres de rigidité et les paramètres de perte 

d'énergie ex vivo de la paroi aortique. Cette approche a été appliquée de façon globale (c'est-

à-dire, la moyenne de la circonférence) et de façon régionale, soit à quatre foyers distincts de 

la circonférence aortique. Le CCPM global et le CCSM global ont été significativement 

prédictifs des indices mécaniques ex vivo et de l'histopathologie. Ces mesures pourraient être 

utilisées pour identifier les patients ayant un remodelage aortique défavorable et qui ne 

répondraient pas aux critères chirurgicaux standard de ≥5,5 cm de diamètre. L'analyse 

régionale a démontré que l'hétérogénéité dans le CCPM et le CCSM augmente avec la 

dégénérescence médiale créant une distribution inégale du stress physiologique dans la paroi 

aortique. De plus, des profils de déformation à la traction et à la compression ont été observés 

de façon simultanée dans des régions avoisinantes de l’aorte de certains patients, ce qui 

suggère un environnement physio-mécanique plus complexe que ce qui a été précédemment 

signalé. Finalement, la présente thèse propose une nouvelle technique d'évaluation des 

patients ayant un anévrisme de l'aorte ascendante. Cette technique peut fournir une dimension 

supplémentaire et cruciale à la gestion chirurgicale des patients. 
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Chapter 1: Introduction 

Aneurysm of the ascending aorta (AA) is an insidious disease that often is asymptomatic 

prior to catastrophic failure.  It is estimated that AA aneurysms effect ~10 persons per 

100,000 person-years1. Approximately 60% of thoracic aortic aneurysms involve the aortic 

root and/or AA2, 3.  When identified, prophylactic replacement of the AA is undertaken to 

prevent dissection or rupture of the aortic wall which would otherwise result in haemorrhage, 

tamponade and death.  The current guidelines recommend replacement for AA diameters 

exceeding 5.5 cm4-6. In this regard, aortic diameter is used as a surrogate of the overall 

mechanical properties of the vessel. This is a very simplistic and fundamentally ignores the 

well-documented remodelling of the vessel microstructure that occurs7-9. In fact, AA 

dissections−localized acute tearing of the vessel wall−often occur below the surgical 

threshold of 5.5cm suggesting that size alone is insufficient to describe the mechanical 

integrity of the tissue10-12.  

 

Ex vivo mechanical testing of resected aortic tissues has been used to directly identify 

mechanical dysfunction of the vessel wall, including tensile strength, stiffness and energy 

loss. These ex vivo tensile measurements are reproducible, yet they are inappropriate for 

patient management since mechanical dysfunction can only be identified retrospectively. In 

vivo methods using clinical imaging modalities could allow these measurements to be pivoted 

from a postoperative to a preoperative assessment by measuring local physiological strain in 

the clinic. Echocardiography has shown considerable potential due to its low scan time and 

excellent temporal resolution without the need to expose patients to contrast dyes or 

radiation. Several studies have used echo-based stiffness parameters to estimate the elastic 
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properties of the AA13-17; however, these methodologies have not been validated against ex 

vivo tensile data or prospectively tested to improve patient outcome. Furthermore, these 

estimates have ignored the heterogeneity in local in vivo strain profiles which may be 

fundamental to the mechanical risk criteria of the aorta.  

 

With the potential of applying mechanical criteria to clinical assessment of aortopathy, it is 

of significant interest to further develop echo-based estimates of biomechanical function. A 

robust and repeatable methodology is central to this process. Validating these methods 

against ex vivo data and current size criteria is necessary to better understand future clinical 

implementations of echo-based strain estimates or aortic biomechanics. 
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Chapter 2: Objectives 

The underlying research question of this thesis asks if echocardiography-based mechanical 

measures of the ascending aorta can aid in clinical patient management. The central 

hypothesis is that echocardiography-based biomechanical metrics are reliable in vivo 

surrogates of the mechanical properties of the ascending aorta. To test this hypothesis, 

transesophageal echo and blood pressure tracing of patients undergoing elective aortic 

replacement were used to generate global and regional in vivo stiffness moduli. Ex vivo 

mechanical testing and histological analysis was used as a standard to compare these 

measurements.  The hypothesis was tested through the following objectives: 

 

Objective 1: Using clinically available echocardiographic strain imaging and blood pressure 

tracing, develop robust metrics (i.e., stiffness moduli) that estimate ascending aortic 

mechanical properties in vivo. 

 

Objective 2: Evaluate the echocardiographic-derived metrics in a cohort of patients with a 

range of clinical ascending aortic aneurysm severity (by aortic diameter) to compare their 

effectiveness at identifying mechanical dysfunction and pathological tissue remodelling 

defined by ex vivo analysis of the surgically removed tissue. 

 

Objective 3: Evaluate the regional variation in echo-derived metrics (around the aortic 

circumference) to identify mechanics/deformation heterogeneity in vivo and compare these 

estimates with regional ex vivo mechanics and histopathology.  
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Chapter 3: Biomechanics of the Ascending Thoracic 

Aorta: A Clinical Perspective on Engineering Data 

 

3.1 Preface 

This chapter was published as an invited review article in The Canadian Journal of 

Cardiology (2016) on the topic of biomechanics of the ascending aorta. The objective of this 

review was to present a comprehensive overview of i) the structural properties of the 

ascending aorta, ii) methodological concepts in tensile analysis, and iii) the evolution of the 

tensile properties in states of disease. With a primary CJC readership of cardiac surgeons and 

cardiologists, this review aimed to present these concepts in a clinical context.  

 

With respect to the research presented in this thesis, this review introduces concepts in aortic 

structure and anatomy that provide insight into histological interpretation of aortic 

specimens. Furthermore, this chapter reviews important findings that substantiate the 

paradigm that mechanical properties−including energy loss and stiffness−are altered in states 

of disease (e.g., degenerative aneurysm) and can be reliably measured by tensile testing of 

the vessel wall. Finally, this chapter introduces concepts in medical strain imaging. However, 

concepts pertaining to strain imaging using echocardiography were limited to a general 

discussion and therefore are elaborated in the proceeding chapter (Chapter 4). 
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3.3 Abstract 

Aneurysms of the ascending thoracic aorta often require prophylactic surgical intervention 

to resect and replace the aortic wall with a synthetic graft to avoid the risk of dissection or 

rupture.  The main criterion for surgical intervention is the size of the aneurysm, with elective 

surgery recommended above a maximal aortic diameter of 4.2-5.5 cm depending on valve 

type and other patient risk factors.  Although the risk of dissection and rupture increases with 

the size of aneurysm, different pathologies, including aortic valve phenotype and connective 

tissue disorders uniquely influence the mechanical dysfunction of the aortic wall. Dissection 

and rupture are mechanical modes of failure caused by an inability of the tissue to withstand 

local tissue stresses. Tensile testing of aortic tissues, therefore, has been used to reveal the 

mechanical parameters of diseased and healthy tissues to better characterize the mechanical 

function of aortic tissues in different patient groups. In this review, we highlight the 

principles and methods of ex vivo tensile analysis as well as the composition and structural 

properties that contribute to the mechanical behaviour of the ascending aorta. We also present 

a clinically oriented description of mechanical testing along with insight into the 

characterization of aneurysm. Finally, we highlight recent advances in echocardiography, CT 

and MRI that have the potential to measure biomechanical properties non-invasively and 

therefore help select aortas at risk. 
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3.4 Introduction 

Aneurysms of the thoracic aorta have an incidence of approximately 10.4 per 100,000 person-

years 1. Aneurysms are often asymptomatic until they undergo dissection or rupture resulting 

in catastrophic haemorrhage, tamponade and death. For those patients lucky enough to make 

it to a hospital after a dissection or rupture, the in-hospital mortality (41%) is bleak 18. Such 

non-elective ascending aorta replacements have an operative mortality of 15-24% while 

elective replacement is much safer with an estimated operative mortality of 3.4% 19, 20. It is 

therefore not surprising that the number of prophylactic ascending thoracic aorta 

replacements has risen significantly in the past decade. The number of aortic replacements 

will continue to increase due to our aging population and improved cardiac imaging 21. 

 

Approximately 60% of thoracic aortic aneurysm (TAA) involve the aortic root and/or 

ascending aorta 2, 3. Elective aortic resection and replacement by a synthetic graft is 

recommended at maximum ascending aortic diameters ranging from 4.2-5.5 cm, depending 

on etiology and need for concomitant cardiac surgery 4-6. This metric of aortic size is derived 

from population studies demonstrating a hinge point rise in rates of complications above a 

diameter of 6 cm 22. The underlying biomechanical principle inferred is Laplace's Law which 

states that the mechanical stresses increase in the vessel wall in proportion to the vessel 

diameter. This is very simplistic and fundamentally ignores the well documented remodelling 

of the vessel microstructure that occurs 7-9. In fact, ascending TAA dissections often occur 

below the surgical threshold diameters suggesting that size alone is insufficient to describe 

the mechanical integrity of the tissue 10-12. Recent reports have suggested the diameter cutoffs 

may be an overly aggressive approach and are almost certainly putting some patients 
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unnecessarily at risk of operative and early morbidity 23, 24,25. Understanding aortic 

biomechanics of TAA is key not only to better patient stratification for surgery but also to 

elucidating the mechanobiology of this deadly pathology 26. 

  

Ultimately, the cause of dissection or rupture in the ascending TAA is a mechanical failure 

of the vessel wall where the local stresses in the tissue exceed the mechanical integrity of the 

vessel. Mechanical testing of human tissue allows one to categorize and understand human 

tissues using the same engineering parameters that allow us to understand the mechanical 

behaviours of materials. In this article, we present the structural components and changes of 

the thoracic aorta, mechanical principles behind current surgical guidelines and testing 

methods that are currently used to characterize aortic tissues. We then review the state of our 

understanding of the structural and tensile properties of the ascending thoracic aorta (see the 

article addenda for a comprehensive list of values, Table 3.S.1) and currently available in 

vivo estimates of TAA biomechanics. In doing so, we hope to provide insight into the 

behaviour of normal and abnormal aortic tissue mechanics, which may provide a better 

framework than size alone in selecting patients for surgery.  
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3.5 Mechanical Structure of the Ascending Aorta 

3.5.1 Normal Structure of the Ascending Aorta 

The ascending aorta is the primary conduit for blood flow and the largest artery in the body. 

The ascending aorta contains three tissue layers: the intima, lined by a single layer of 

endothelial cells, the elastic media and the largely collagenous adventitia. The elastic media 

dominates the mechanical response of the ascending aorta, accounting for ~80% of the vessel 

thickness in normal ascending aortas. The media is comprised of alternating concentric layers 

of fenestrated elastic sheets, lamellae, and smooth muscle cells (SMCs) 27, Figure 3.1-A. 

Within these sheets are interspersed collagens (types I, III, IV and V), mucopolysaccharides 

and an abundance of fibrillar matrix proteins 27, 28. The elastic lamellae and collagen fibrils 

define the passive elastic behaviour and largely the tensile strength of the tissue, respectively 

29. A mechanically normal ascending aorta, characterized by its distension and recoil, allows 

the vessel to store energy from systole and redistribute it during diastole by elastic recoil to 

provide forward flow—this is known as the Windkessel effect 30 and is vital to maintaining 

normal pulse pressure. 
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Figure 3.1. Histopathology of the ascending aorta using Movat pentachrome staining in A) 

a 52 year old male with a non-dilated ascending aorta and B) a 51 year old male with a 5.8 

cm dilated ascending TAA. Black – elastin, Red/Purple – smooth muscle cells, Blue – 

mucopolysaccharides and, Yellow – collagens.  

 

The aortic wall is a dynamic composite structure consisting of matrix macromolecules and 

vascular cells. Each component has a role in defining the structure of the tissue and, therefore, 

a disruption of these components may change the mechanical behaviour of the vessel wall. 

Here, we highlight the mechanical role of the components whose relative amounts and 

organization are believed to have the greatest influence on the degenerative pathology of 

ascending TAAs. 
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3.5.2 Component Mechanical Properties 

Role of Elastin 

Elastic fibres are highly extensible networks of cross-linked elastin that provide elastic-

energy storage in tissues 31. The compliant behaviour of elastic fibres is largely derived from 

the random-coil conformation that can unravel when stretched. In vascular tissue, soluble 

tropoelastin molecules are secreted by SMCs and assembled into covalently cross-linked 

elastic sheets that are highly hydrophobic. Elastin molecules have a relatively low stiffness 

(i.e., elastic modulus) and large extensibility of approximately 1.1 MPa and 150%, 

respectively 31. In the aorta, elastin behaviour defines the compliance of the tissue under low 

and moderate levels of strain 32. 

 

Role of Collagens 

Collagen types I and III represent over 80% of the total collagen found in the aorta 28 and are 

the primary load-bearing fibrils of the ascending aorta. Type IV and V collagens are also 

present in the basement membranes of endothelial cells and SMCs in the aortic wall.  

Collagens have a large stiffness modulus of approximately 1,200 MPa (approximately 1,000x 

greater than elastin) and a low extensibility of 13% 31. Collagens have a distributed 

circumferential alignment 33, which results in increased maximum tissue stiffness in the 

circumferential direction over the longitudinal axis. However, collagens are believed to be 

mechanically engaged only at large strain due to their crimped nature and contribute to the 

large non-linear increase in tissue stiffness. As a result, it is believed that collagen’s role is 

to reinforce and provide strength to the wall to avoid rupture of the comparatively weak 
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elastic fibres 31. A study considering the stress-strain response of collagenase-treated thoracic 

aortas demonstrated marked tissue softening only above moderate stretch ratios (λ≈1.3) 32. 

 

Role of Smooth Muscle Cells 

SMCs are the main resident cell type of the aortic elastic media and have a dynamic 

phenotype with both contractile and secretory properties. SMCs express both matrix proteins 

(including elastin and collagens) as well as enzymes involved in ECM catabolism, such as 

matrix-metalloproteinases (MMPs), in response to cyclic strain 34-36 and cytokines like 

transforming growth factor-β1 (TGF- β1) 37, 38. SMCs are generally aligned circumferentially 

39; however, the angle of orientation can change in response to tension forces in the vascular 

wall and, by measuring the contractile behaviour of SMCs in the ascending aorta, the regional 

orientation may change up to 20-30° from the circumferential axis 40. 

 

A recent hypothesis suggests that a disruption in the contractile apparatus within SMCs may 

alter aortic wall homeostasis and contribute to inheritable thoracic aortic aneurysm and 

dissection (TAAD) 37, 41. In particular, mutations have been identified in the genes that 

encode for cytoskeletal α-actin and β–myosin (ACTA-2 and MYH11, respectively), which 

form the intracellular assembly of the cytoskeleton-receptor-ECM complex 37, 41. 

 

Role of Mucopolysaccharides 

Focal pooling of mucopolysaccharides (also termed glycosaminoglycans) is characteristic of 

medial degeneration of the aorta. It is believed that mucopolysaccharide accumulation in the 

medial layer can cause increased tissue swelling that ultimately decouples the elastic fibres 
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from their collagen support (delamination) 42. This disruption of the lamellae is believed to 

lead to increased levels of tissue dissection. 

  

3.5.3 Tissue Remodelling of the Ascending Aorta with Age and Disease 

The Aging Aorta 

The aorta naturally dilates over time at a rate of approximately 0.15 mm/year 43, 44. The effect 

of age on aortic wall thickness is less clear as it has been reported to either increase 45 or 

remain constant 44 over time. However, even preserved thickness with dilation requires an 

increase in total aortic tissue mass. As a result, the concentration of aortic elastin decreases 

by approximately one third over eight decades of life 46, 47. The total mass of elastin likely 

remains constant in the ascending aorta and the decrease in concentration can be explained 

by increased collagen deposition 27. Age-related fragmentation of the elastic lamellae and 

increased medial fibrosis have also been noted in normal, non-aneurysmal aortas making it 

difficult to distinguish the histopathology of aneurysmal tissue from age-matched normal 

tissue 27, 48-51. 

 

The Effect of Disease 

While abdominal aortic aneurysms are generally associated with atherosclerosis, ascending 

TAAs develop in response to dysfunctional changes in the elastic media of the artery. 

Classically, aneurysms have been attributed to medial degeneration (formerly termed cystic 

medial necrosis or cystic medial degeneration 52), a non-inflammatory loss of SMCs and 

fragmentation of the elastic fibres 49, 52, Figure 3.1-B. Medial degeneration leading to 

aneurysm is believed to be an imbalance in the synthesis and degradation of the medial matrix 



 

 
14 

proteins but, currently, the cause of medial degeneration is still poorly understood. What is 

clear is that, as the ascending aorta dilates, it continues to lay down new tissue and tries to 

preserve its thickness which would otherwise decrease with increasing diameter 53, 54. 

Although medial thickness may decrease with idiopathic aneurysm 54, total wall thickness 

usually remains constant 53, 55. Increasing ECM thickness is likely a response of SMCs to try 

and maintain mechanical homeostasis 26. Ascending TAAs may present with some regional 

variation in aortic wall thickness 53 and in the relative severity of medial degeneration 56, 57.  

  

The cause of ascending TAAs is often considered idiopathic, however several pathological 

features have been suggested. In certain cases, an imbalance in the medial expression of 

MMPs, specifically the gelatinases (MMP-2 and MMP-9) and their inhibitors (TIMP-2 and 

TIMP-1) are believed to result in accelerated proteolytic degradation of elastin and collagen 

fibres 58. It is important to note that MMP-2 and -9 are known to have elastolytic and 

collagenolytic properties 59. Furthermore, defects in fibrillin-1, a protein found in elastic 

fibre-associated microfibrils, have been strongly implicated in familial thoracic aortic 

aneurysm and dissection (TAAD) and is the defining mutation in patients with Marfan 

Syndrome (MFS) 60. Also central to MFS (and fibrillin-1 mutations), and other syndromic 

forms of ascending TAA (mainly Loeys-Dietz syndrome (LDS)), is an increase in TGF-β 

activity within the ECM, as well as its signalling cascade within the SMCs 37. Disruption of 

TGF- β activity is believed to lead to medial fibrosis 61. 
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Bicuspid Aortic Valve 

Bicuspid aortic valve (BAV) is the most common congenital heart defect that affects 1-2% 

of the population 62 with a male-to-female ratio of approximately 3:1 63. The increased 

incidence of aortic dilatation in BAV patients (estimated at approximately 40% 64) has led to 

the hypothesis that there is a common genetic link relating valve phenotype to a weakening 

of the aortic wall 65. Studies have found that some BAV patients have a reduced expression 

of fibrillin-1 8 and mutations in the FBN1 gene encoding the protein 66, however no consistent 

genetic link has been discovered to explain the increased prevalence of ascending TAAs in 

BAV patients. 

 

Aneurysm formation in BAV patients has also been hypothesized to be a result of an altered 

hemodynamic profile as blood passes through the aortic valve 67. Bauer et al. observed that 

patients with BAV had significantly greater hemodynamic stresses on the anterolateral wall 

of the ascending aorta 68 and Hope et al. noted that BAV gave rise to eccentric helical 

hemodynamic flow patterns in the ascending aorta that were not observed with tricuspid 

aortic valve (TAV) patients 69. 

  

Whether driven by genetics, hemodynamics, or more likely a combination of the two, medial 

ECM structural proteins and local enzyme expression is distinct in patients with BAV. In 

particular, elastin and collagen fibres in the ascending aorta are highly aligned in the BAV 

patients when compared to TAV 70. Distinct tissue remodelling in BAV patients is 

characterized by markedly higher expression of medial MMP-2 8, 70-73 which may explain 

reported decreases in collagen 70, 74. 
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Connective Tissue Disorders 

Several classes of connective tissue disorders can lead to aneurysms by a disruption of ECM 

fibril or scaffold proteins. In MFS, an autosomal dominant disorder affecting 2-3 persons per 

10,000, there is an identified mutation in the gene encoding fibrillin-1 75. Fibrillin-1 is central 

in elastic fibre assembly as it provides the necessary microfibril scaffold for aggregation and 

cross-linking of tropoelastin by lysyl oxidase 76, 77. In addition to its structural role, it is rather 

its functional role that mainly leads to aneurysm formation. Fibrillin-1 sequesters TGF-β in 

a latent state in the ECM.  Mutations in fibrillin-1 lead to an increase in TGF-β activity, which 

is the common pathway in LDS 37. Non-syndromic mutations of fibrillin-1 have been 

identified in patients with ascending TAAs and may be familial 78, 79. Similarly, EDS 

syndrome is a connective tissue disorder that results in aneurysm in response to a mutation 

in type III collagen 80.  

 

The mechanical dysfunction that results in aneurysm is a result of remodelling of the aortic 

wall. Maximal aortic diameter is the only epidemiologically derived surrogate of the gross 

mechanical properties of the vessel. However, diseases of the aorta manifest with notable 

differences in the underlying wall pathologies. As has been previously described, this is 

somewhat reflected in the variety of size thresholds used to evaluate intervention but is 

limited in assuming that aortas of the same size are subjected to the same physiological forces 

and have the same structural properties. We believe that a more thorough mechanical analysis 

of human aortas may, in the future, derive more robust mechanical metrics for intervention. 
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3.6 Ascending Aortic Biomechanics  

3.6.1 Aortic Size as a Predictor of Mechanical Stability 

Maximal aortic diameter is the primary criterion for surgical resection of the aorta and 

replacement with a prophylactic graft. It is important to acknowledge that this measure is not 

a mechanical property, but instead acts as a surrogate for tissue circumferential stress (σθ). 

This mechanical interpretation follows Laplace’s law (Figure 3.2) which states that the 

circumferential stress in a vessel simplified by a cylinder with a defined thin wall thickness 

(τ) is a function of the aortic radius (r) and the pressure exerted on the vessel wall (P) by the 

following relation: 

σθ=Pr/τ 3.1 

 

This simple model of tissue stress fundamentally assumes the vessel material is linearly 

elastic (see next section) and has no directional dependency in its mechanical properties 

(isotropic).  It also assumes the vessel is a uniform, straight cylinder with no other applied 

stresses other than blood pressure. 
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Figure 3.2. Illustration of Laplace’s law: Wall tensions (T) in the vessel (simplified by a 

cylinder with a radius (r) larger than a wall thickness (τ)) when pressure (P) is exerted by the 

aortic blood flow. P is assumed evenly distributed over the wall. 

 

By this model, the circumferential stress in the vessel wall is then proportional to the size of 

the aneurysm alone if the tissue thickness and blood pressure remain constant. This suggests 

that, at exceedingly large aortic diameters the circumferential stress may exceed the ultimate 

tensile strength of the tissue and rupture may occur.  Setting a threshold diameter limit 

implicitly assumes that all thoracic aortas have the same ultimate strength, thickness and 

blood pressure. 

 

The thoracic aorta is not a uniform cylinder and the vessel wall thickness, radius and 

composition are heterogeneous 53, 81 even within the same thoracic aorta.  Moreover, the 

composition changes significantly over time for a given aorta as it remodels and expands in 

size, changing its mechanical properties and ultimate tensile strength. The nature of the 

remodelling may vary significantly depending on the disease process, thus the composition, 

thickness and ultimate tensile strength may be vastly different between aortas of the same 
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size.  Importantly, the equation neglects the significant longitudinal force on the tissue 

created by the motion of the heart and biaxial coupling between the circumferential and 

longitudinal direction. As well, it also neglects uneven hemodynamic load that can exist for 

patients with aortic valve stenosis or BAV 82. These limitations help explain why up to 50% 

of ascending aorta dissections occur well below the threshold of intervention 10-12.  To move 

beyond diameter for patient stratification therefore requires a better understanding of the 

mechanical properties of TAA tissue.   

 

Linear Elastic (Hookean) Model 

The derivation of Laplace’s law assumes that the stress-strain relationship is linear, and 

related by a constant tissue stiffness modulus, also known as the Young’s or elastic modulus 

(E). Although aortic tissue is nonlinear and hyperelastic (see next section), the linear elastic 

model can describe tissue deformation for small changes in strain. The equation for linear 

stress-strain is presented as follows: 

σ=Eε 3.2 

 

where σ and ε are the material stress and strain, respectively. It is well known that vessel 

stiffness (E) is variable from patient to patient and generally increases with age 83, 84 and with 

aneurysm 53, 85. In a stiff rather than a compliant vessel, it is intuitive that wall stress will 

increase at a much faster rate as the vessel expands. Even with the assumption of linear 

elasticity, solely using diameter neglects differences in tissue stiffness. 
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3.6.2 Measuring Aortic Biomechanics 

Ex vivo mechanical testing of excised ascending aorta is the “gold standard” for assessing 

mechanical properties such as tissue stiffness. Healthy aortic tissue is acquired from 

transplant donors or from autopsy while ascending TAA specimens are acquired during 

elective surgical repair. Mechanical testing is done within 24-48h and specimens are kept 

mostly in a refrigerator (4°C) 53, 85-91, a freezer 92, 93 or on ice 94. Freshness of the sample and 

techniques to keep the structure intact are major issues. To avoid tissue degeneration, aortas 

are often kept in saline or gauze at a low temperature. Before running the tests an 

equilibration at room temperature is required for the tissue.  Ideally, due to the temperature 

dependence of material properties, tests are conducted at body temperature. 

 

The passive biomechanical properties of the aorta are often evaluated by ex vivo tensile 

testing where a sample of aortic tissue is stretched and the corresponding tension in the wall 

is measured. By measuring this tension along with the amount of stretch (displacement), a 

stress-strain relationship curve is developed. Vascular tissues, like the ascending thoracic 

aorta, are hyperelastic materials characterized by a nonlinear relation between stress and 

strain, Figure 3.3. Moreover, vascular tissue is viscoelastic, which results in hysteresis in the 

tensile testing loop where the stress-strain relation follows different paths when applying load 

(loading) and removing load (unloading).  

 



 

 
21 

Figure 3.3. Typical shape of stress-strain curve for linear elastic (Green line) and viscoelastic 

response of biological tissue (black line).  A) Elastic modulus of a linear elastic material, B) 

Incremental stiffness modulus (Em) of a non-linear material and C) Energy loss. 

 

These tensile tests can be conducted in a single direction, usually in either a circumferential 

or longitudinal orientation, and this is called uniaxial tensile testing; or tests can be conducted 

simultaneously in both the circumferential and longitudinal directions, and this is called 

biaxial tensile testing. For, uniaxial tensile testing, samples are often cut in rectangular shapes 

oriented along the desired axis and stretched lengthwise. Uniaxial testing generalizes the 

behaviour of the sample with two independent pieces, which may have unique structural 

imperfections and geometrical parameters (e.g., thickness), and can increase analytical 

errors. It also neglects the transfer of stress from one direction to the other. Therefore biaxial 
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tensile testing, which considers the tensile properties in two axes simultaneously, is 

recommended. In this configuration, specimens are cut in squares allowing for testing in two 

perpendicular axes (Figure 3.4-A) and then stretched to obtain the tissue’s stress-strain 

response (Figure 3.4-B). Equibiaxial tensile tests are biaxial tests where the tissue is 

stretched or loaded simultaneously and equally in both axes. This allows for the coupled 

response of the tissue in both directions to be measured. 

 

Figure 3.4. Sample isolation and biaxial tensile testing of ascending aortic tissue. A) The 

sample is obtained from the ascending aorta and prepared with the two testing axes in the 

circumferential (θ) and longitudinal (L) directions. B) The isolated sample is stretched in the 

two axes to determine the relation between stress (σ) and strain (ε). 

 

3.6.3 Limitations of Ex Vivo Testing 

Although ex vivo mechanical testing is rigorous and reproducible, there are important 

limitations. Most importantly, it is a postoperative or post-mortem analysis, as it requires the 

tissue to be removed from the patient.  It is also labour-intensive, which translates to a limited 
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number of tissue samples in any given study. Thus, interpretations and the conclusions may 

not be representative of the larger patient population. As can be seen in the Table 3.S.1, the 

number of samples ranges between 6 and 40, which leaves very little room for patient sub-

categorizing with any statistical power. Also, ascending TAA tissue is inhomogeneous with 

regional variations 53, 95, 96. Most studies neglect this potential variability, especially when a 

small quantity of tissue is analyzed. Moreover, several tissue samples are sometimes 

extracted from the same subject, thus the diversity of the patient population and their tissue 

characteristics remain limited 89, 92. This can be overcome by systematically sampling 

labelled quadrants of ascending aorta for each specimen 53, 97.  

 

3.6.4 Tensile Testing Data and Derived Metrics 

Currently, there are several families of testing protocols that are used to evaluate the 

mechanical state of vascular tissues. Here, we focus on the cumulative understanding of the 

mechanics of ascending aortic tissue using planar tensile testing; however, it is important to 

acknowledge that other metrics are needed for a holistic understanding of tissue 

biomechanics.  

 

When interpreting published tensile test data, it is important to note there are multiple 

definitions of stress and strain or stretch that can be used.  A discussion of these definitions 

is beyond the scope of this article. Notably, however, mechanical testing equipment will 

record force (F) and displacement. After measuring the tissue thickness and the distance 

between the grips or sutures, force and displacement can be converted to a variety of stress 

and strain definitions.   
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Data Fitting 

Unique stress-strain curves composed of loading (stress added) and unloading (stress 

removed) curves can be generated (Figure 3.2). Raw data is generally smoothed for 

consistency or fitted by a strain energy function that corresponds to the energy stored while 

stress or stretch is imposed. Many different strain energy functions or constitutive models are 

used to describe tissue behaviour such as the Fung energy model 92, 98, 99.  

 

Incremental Elastic Modulus (Stiffness) 

The incremental elastic modulus (Em) is the stiffness parameter of a non-Hookean material 

(i.e., a material with a nonlinear stress-strain relation) and can be thought of as a material’s 

resistance to deformation at a given strain or stress value.  Em, therefore, corresponds to the 

slope of the stress-strain curve under loading (Figure 3.3) and, as it is variable along the 

curve, must be defined at a specific strain or stress value. Table 1 highlights stiffness values 

from studies that consider the mechanics of ascending aortas and ascending TAAs. Although 

general trends can be derived from a study-to-study comparison (for instance, ascending 

TAAs are generally much stiffer than healthy ascending aortas), stiffness values cannot 

readily be compared unless they are reported with a similar definition of stress and strain and 

reported at the same point on the curve.  
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Table 3.1. Most common mechanical parameters in tensile testing 

TAV: Tricuspid aortic valve with aneurysm, BAV: Bicuspid aortic valve with aneurysm, G. curv.: Great curvature, L. curv.:Lesser curvature, N: Number of specimens, *: Uniaxial tensile test, 
**: Biaxial tensile test 

 References N 
Age 
(yr) 

Size (cm) Test Em (kPa) Tensile strength (kPa) 

A
sc

en
d

in
g 

 
th

o
ra

ci
c 

ao
rt

a 

100 7 51±18 2.4±0.4 ** Engineering strain: 40%  100±30  NA 

98 14 47±14 NA ** 
Physiological Cauchy stress: 
72.8kPa  

Circumferential: 988.7±489.7, 
Axial: 952.1±479.1 

NA 

101 14 51±6 3.3±0.2 * Maximum elastic modulus  
Circumferential: 3250±630, 
Axial: 2610±260 

Circumferential: 1800±240, 
Axial: 1710±140 

A
n

eu
ry

sm
 c

o
n

tr
o

l 100 34 64±12 5.2±0.7 ** Engineering strain: 40 %  150±30 NA 

89 13 13-75 5.42±0.732 * Maximum elastic modulus 
Circumferential: Em(G. curv.):8780, Em(L. curv.):9190, 
Axial: Em(G. curv.):5890, Em(L. curv.):3130 

NA 

99 6 25±2 NA * NA  Loading: 285±164, Unloading: 542±221  NA 
101 14 51±6 3.3±0.2 * Maximum elastic modulus  Circumferential: 4670±420,Axial: 4480±590  Circumferential: 1180±120, Axial: 1210±90 

88 
15TAV 

23 BAV 

66±11 

TAV 

54±4 BAV 

5.7±1.4 TAV 

5.0±0.5 BAV 
* Maximum elastic modulus 

Circumferential: 3351±222,Axial: 2207±203  
Circumferential: 3504±160,Axial: 1916±96 

Circumferential: 961±61,Axial: 540±37 
Circumferential: 1656±98,Axial: 698±31 
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Anisotropy 

Material mechanical properties (e.g. stiffness, etc.) can be identical in all directions 

(isotropic) or different (anisotropic). For this reason, directional dependence is evaluated 

with either i) the anisotropic index 53, 92, 102 or ii) the degree of anisotropy 93. Both metrics 

usually use stiffness values from the two principal axes (i.e., the circumferential axis and 

the longitudinal axis) and, like stiffness, change at different stress/strain values. 

Anisotropic Index=2[Em,L–Em,C]/[ Em,L+Em,C] (3.3) 

 

Degree of Anisotropy=Em,L/Em,C (3.4) 

 

Energy Loss 

Energy loss is a recently proposed biomechanical parameter. It has the advantage of being 

an integral metric of the mechanical response to both loading and unloading and is self-

normalizing, making it less susceptible to strain and stress definitions and testing variables. 

It is a measure of the relative amount of energy loss of the loading cycles during tensile 

testing 94 (Figure 3.2). This reflects the aorta's natural physiologic function in absorbing 

energy during systole and returning a proportion during diastole. Increasing levels of 

energy loss indicate poor efficiency in performing this function. Higher energy loss has 

been found to be associated with aortic size and to reflect the underlying histopathology 94. 

 

Ultimate Tensile Strength 

The ultimate tensile strength (or simply tensile strength) is the peak stress a material can 

withstand before failing and is usually measured by uniaxial tensile testing. This intensive 

property cannot simply be translated to a pressure value due to the nonlinear hyperelastic 
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behaviour of vessel wall. Several studies have reported the ultimate tensile strength 

ascending aortas 83, 85, 91, 95, 103 and, intuitively, ascending TAAs are less strong than non-

dilated aortas 85. 

 

3.6.5 Characterization of Ascending TAAs by Tensile Testing 

Tensile testing allows us to describe tissue stress-strain relationships and, when stretched 

to failure, the ultimate tensile strength of the tissue. Comparison of these parameter values 

in the literature is complex and often impracticable. As described, many factors influence 

tensile analysis and several definitions of material properties are encountered when 

reviewing studies of the ascending aorta. Reported stiffness and strength values for the 

ascending aorta in health and disease (ascending TAA, ascending TAA-TAV, ascending 

TAA-BAV and Dissecting Aneurysm (DA)) are provided in Table 3.1. This is an abridged 

form of Table 3.S.1 which provides a more exhaustive list of tensile parameters of the 

ascending aorta. 

 

Although reported values vary from study to study, depending on testing protocol and 

definition of stress and strain, general trends remain similar. Aneurysmal tissue is stiffer 85, 

91, 92, 94 and weaker 85 than healthy ascending aortic tissues. Energy loss, similarly, is 

increased in ascending TAA tissues over healthy tissues and scales with aortic diameter 

and age 94.  However, outliers do occur demonstrating the inability of diameter and age 

alone to predict mechanical function. Advanced medial degeneration and increased 

collagen content is often seen in TAV patients; however, the degeneration associated with 

BAV is less evident and likely linked to microstructural disruption not visible by 
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histopathology and the younger age of BAV patients. As a result, mechanical analysis of 

ascending TAAs is often distinct in patients with BAV. Ascending TAA tissue has been 

found to be stronger for BAV patients than TAV patients 93, 103. Yet, it has also been noted 

that the average aortic wall thickness is decreased 53, 93 and the delamination strength (i.e., 

the strength required to propagate a tear through the medial layer of the artery) is 

significantly lower for BAV patients 104, which may explain an increased propensity for 

aortic dissection with BAV 105. 

 

Aging increases the collagen-elastin ratio and, therefore alters the mechanical properties of 

the aortic wall. Younger ascending aortic tissue is known to have a greater extensibility 

(the stretch ratio at failure), tensile strength and less longitudinal wall stress at systolic 

blood pressure 83, 84. The younger age of presentation for patients with BAV is an often 

neglected but critical factor when interpreting biomechanical data.  

 

These measures represent the global tissue properties and, while the potential for an 

ascending TAA to rupture or dissect is indeed influenced by these properties, tissue failure 

is a result of localized phenomena like micro-fractures. Moreover, rupture potential, which 

may be predicted from biomechanics, may be distinct from dissection, where tissue 

dysfunction is more nuanced. 
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3.6.6 Ascending Aortic Dissection  

A dissection of the ascending aorta often manifests as an intimal tear in the aorta’s 

transverse (circumferential) axis 52 and tends to follow the greater curvature of the artery 

106. The transverse tear is perhaps explained by a failure of the tissue in the long axis of the 

ascending aorta 107, 108, which is weaker (i.e., lower tensile strength) than the 

circumferential axis 95, 103 and subjected to added strain caused by the downward motion 

of the heart 107. Studies that examine the regional strength of the aorta are limited; however, 

Iliopoulos et al. found that the anterior and posterior walls of ascending TAAs had lower 

longitudinal strength than either of the walls of the lesser or greater curvature 95. Initiation 

and propagation of an aortic dissection may not be wholly described by tensile strength 

and may be more influenced by a regional increase in hemodynamic load and/or decreased 

delamination strength of the aortic wall 104.  

 

Although ex vivo testing is rigorous and descriptive, the results have not yet been translated 

to clinical parameters and guidelines. Beyond size, in vivo measurements of aortic wall 

motion, thickness and local hemodynamics will likely be needed to assess the mechanical 

stability of the artery, which may provide clinical insight into aortic wall pathology on a 

patient-by-patient basis. However, in vivo strain imaging is unable to provide direct 

information on tissue stresses. Ex vivo mechanical testing’s role in this story, therefore, 

will likely be to establish the criteria by which we can assess in vivo mechanics. 
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3.7 Non-invasive In Vivo Methods for Assessing Aortic Biomechanics  

Clinical imaging modalities are the current standard for assessing the degree of aortic 

dilation in cases of suspected aneurysm and aortic valve dysfunction. As a result, these 

methods have been adapted to infer the in vivo biomechanical properties of the aortic wall 

in a preoperative and minimally invasive way. O’Rourke et al. provides a comprehensive 

summary of the metrics used for in vivo mechanical imaging 109. 

 

Echocardiography 

In most cases, a patient with suspected aortic disease will undergo echo imaging to observe 

valve function and phenotype and to measure the dimensions of the vessel. Echo Doppler 

measurements have the added benefit of visualizing hemodynamics in the ascending aorta, 

including the jet/wall interaction during systole.  2D m-mode echo measurements in 

tandem with an aortic pressure line can be used to determine a pressure-diameter relation 

(often only in the circumferential direction), which can reveal the level of aortic 

distensibility and estimate stiffness. Using diameter change, when observing the long-axis 

of the aorta, Baumgartner et al. demonstrated that young patients with MFS had 

significantly stiffer aortas compared to controls 13. Similar work has been used to reveal 

the in vivo stiffening behaviour of the ascending aorta in response to chronic hypertension 

16. Recalling Hook’s law (equation 2), strain alone is insufficient to estimate the stress in 

the tissue and requires a priori knowledge of the tissue material properties. 

 

Transverse (or short-axis) imaging of the aorta using 2D echo with speckle tracking, a 

process that tracks the movement of natural acoustic markers (“speckles”) that move with 
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the wall, can better account for circumferential diameter change. Using this method, which 

is well established for left ventricle strain assessment 110, the full circumference of the aorta 

can be imaged, which accounts for non-uniform wall motion 15. New developments in 4D 

echo (3D reconstruction with temporal resolution) will likely provide a more robust 

analytical tool for in vivo mechanical measurements, allowing for simultaneous strain 

assessment in both the circumferential and longitudinal aortic axes. 

 

Again, for such in vivo strain imaging to be used to estimate tissue stress requires 

knowledge of the tissue’s mechanical properties.  Strain imaging will require extensive 

population analysis and comparison with ex vivo mechanical properties to become a 

reliable tool for patient stratification. 

 

Computer Tomographic Angiography (CTA) and Magnetic Resonance Angiography 

(MRA) 

CTA and MRA are attractive imaging modalities for in vivo analysis due to their high 

spatial resolutions. Where echo visualization is obstructed by local anatomy and probe 

angle (e.g., the distal ascending aorta and aortic arch), CTA and MRA have no such 

limitations and therefore can better identify wall properties of the full thoracic aorta. These 

techniques have been used in concert to generate patient-specific ECG-gated geometric 

meshes of ascending TAAs (CTA) and then to visualize cyclic strain in the vessel wall 

(MRA), allowing for the calculation of stress concentration 111. 
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Some compelling evidence for a causal role of hemodynamic load in ascending TAA has 

come from recent 4D MRA studies.  In BAV patients the valve opening orientation and 

competence has been associated with the rate of AA dilation 112, 113.  den Reijer et al. 

showed a correlation of left ventricle jet flow angle with ascending aortic dilation in 

pediatric BAV patients 114. The localized severity of the hemodynamic stress on the 

ascending aortic wall, caused by the jet, is proposed as the stimulus for hemodynamic 

remodelling.  Similarly Bissell et al. have found that flow abnormalities linked to valve 

fusion type may better predict risk in BAV patients 115.  Della Corte et al. used time-

resolved MRI and computational fluid mechanics modeling to demonstrate restricted cusp 

opening in BAV patients to be independently predictive of ascending TAA diameter and 

growth rate 116. Hope et al. used 4D MRI and estimated a significant increase in wall shear 

stress (WSS) of the outer-anterior ascending aortic wall with eccentric flow 117.  Mahadevia 

et al. most recently showed the presence and type of BAV fusion causes significant changes 

in regional WSS distribution on the ascending TAA wall due to eccentric jet flow 118.  

Taken together this work suggests a causal link between BAV aortopathy and eccentric jet 

flow, however, no study has shown a correlation of this increased hemodynamic load with 

tissue mechanical property changes. 

 

With recent improvements in spatial and temporal resolution, clinical imaging techniques 

are becoming a useful way to assess mechanical dysfunction. That said, there are 

limitations in interpretation, namely that pressure forces are not equivalent to stresses felt 

by the tissue. To date, no comprehensive studies have compared the ex vivo mechanical 
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properties of tissues with preoperative in vivo strain imaging which may be a useful next 

step to establish biomechanics-derived intervention criteria. 

 

3.8 Comment 

Current clinical practice views ascending TAA as a mechanical dysfunction of the vessel 

wall that can be inferred by size. In reality, this metric cannot account for the complexity, 

variation and dynamic nature of aortic diseases, which, on a mechanical and physiological 

level, are still not fully understood. Moving beyond aortic size alone, tensile testing of 

ascending aortic tissue in health and disease is central in defining and validating new 

metrics for identifying the pathology and assessing the risk of aneurysm. Here, we provide 

a point source for the reported understanding of ascending aortic and ascending TAA 

tensile properties (Table 3.S.1).  

 

Indeed, the number values of reported stiffness and strength are often difficult to compare 

between studies with the high degree of variability in testing protocols.  To our research 

colleagues, we advocate for consensus in testing and reporting standards with the aim of 

better comparing studies from lab to lab.  Furthermore, age, sex and existing co-morbidities 

are important factors that must be reported alongside the mechanical data in order to ensure 

a proper contextual interpretation. This includes several classes of medications which have 

the potential to influence the microstructure of the aortic wall, its function and material 

properties, including statins, beta-blockers, angiotensin-receptor blockers and other anti-

hypertensives 119,120. When possible, these variables should be matched between patient 

populations to disambiguate their effect.  
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So, how can this information transfer from bench to bedside? Looking towards the future, 

linking population-based ex vivo mechanics (like those given in Table 3.S.1) to clinical 

imaging modalities, including MRA, transesophageal echocardiography (TEE) and CTA, 

might be used to distinguish between stable and unstable aortic pathologies. As we’ve 

shown, some work has been reported using non-invasive in vivo strain-mapping of the 

ascending aorta; however, additional population-based mechanical studies are invariably 

needed to define the criteria by which these models are assessed. Finally, there is a need to 

bridge the biological definitions of aortic tissue dysfunction, which characterize cellular 

function and the imbalance of proteases and structural proteins, with end result mechanical 

dysfunction. We believe that image based in vivo strain assessment, once well validated 

with histopathologic and ex vivo mechanical data, will help stratify patients for ascending 

TAA intervention. 

 

3.9 Supplemental Material 

The following appeared as supplementary material made available with the published 

article: 

 

Table 3.S.1. Most common parameters in tensile testing (expanded) 
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100 
Engineering strain: 

40% 
** 

7(7/0)TAV 51±18TAV 6TAV 2.4±0.4TAV Em(TAA): 150±30 vs Em(ascending aorta): 100±30 
Em(TAV) vs Em(BAV) 
Em(Proportions of collagen) vs Em(Proportions of elastin) 

S 
NS 
NS 34(12/20)TAA 64±12 TAA 23 TAA 5.2±0.7 TAA 

88 
Maximum elastic 

modulus 
* 

15(15/0)TAV 66±11 TAV  5.7±1.4 TAV TAV:  Em(Circ):3351±222, Em(Ax):2207±203 
BAV: Em(Circ):3504±160, Em(Ax):1916±96 

 
23(0/23)BAV 54±4 BAV  5.0±0.5 BAV 

98 
Physiological Cauchy 

stress : 72.8kPa 
** 14 47±14   

Em(Circ):988.7±489.7 vs Em(Ax):952.1±479.1 
Circ,Ax: Em(Anterior) vs Em(Posterior) 

NS 
NS 

93 
Low/high tension 

(60/120 Nm-1) 
*,** 

20TAA 59.45±7.86 TAA 3:1 TAA 4.94±0.48 TAA 
Ax, High/Low tensions:  Em(BAV) is stiffer than [Em(TAA), 
Em(BAA)] 
Circ, High tension: Em(BAV) vs Em(TAA) vs Em(BAA) 
Circ, Low tension: Em(BAV) is stiffer than [Em(TAA), Em(BAA)] 
TAA, BAA: Em(Circ) is stiffer than Em(Ax) 
BAV: Em(Circ) vs Em(Ax) 

S 
NS 
S 
S 

NS 

20(0/20)BAV 55±9.65BAV 3:1 BAV 5.01±0.50 BAV 

15BAA 58.07±14.70 BAA 11:4 BAA 4.93±0.53 BAA 

89 
Maximum elastic 

modulus  
* 13TAA 13-75TAA  5.42±0.732TAA 

Lesser curv: Em (Circ) vs Em (Ax) 
Circ: Em (Greater curv):8780, Em (Lesser curv): 9190 
Ax: Em (Greater curv):5890, Em (Lesser curv): 3130 

NS 
 
 

121 

Low stress modulus 
(EmL): elastin 

High stress modulus 
(EmH): elastin and 

collagen 

** 

11(5/6)    
Circ: EmL(TAA) vs EmL(ascending aorta)  
EmL(TAV) is lower than EmL(ascending aorta) 
EmL(TAV) is lower than EmL(BAV) 
EmL of the different quadrants 

S 
S 
S 
S 

97TAA    

 58±11TOT 6TOT  

102 
Engineering strain: 

7.5,25% 
** 

30 53±15 20  7.5%: Em(TAA) vs Em(ascending aorta) 
25%: Em(TAA) vs Em(ascending aorta) 

NS 
NS 14TAA 62±10TAA 12TAA  

122 
Maximum elastic 

modulus 
* 

15 66±3  3.3±0.2 Em(TAA) is higher than Em(ascending aorta) 
Ascending aorta, TAA, Circ: No regional variation 
Ascending aorta, TAA, Ax: Em(Right Lat) is the highest 

S 
 
 

26 TAA 69±2 TAA  5.9±0.3 TAA 

99 NA  * 6TAA 25±2TAA   Em(loading):285±164, Em(unloading): 542±221  

101 
Maximum elastic 

modulus   
* 

14 51±6  3.3±0.2 Ax: Em(TAA):4480±590 is higher than Em(ascending 
aorta):2610±260 
Circ: Em(TAA):4670±420 vs Em(ascending aorta):3250±630 
Ascending aorta, TAA: Em(Circ) vs Em(Ax) 

S 
NS 
NS 

40TAA 66±2 TAA  5.8±0.3 TAA 

λ 90 Physiological stress  ** 

20(0/20)BAV 55±12BAV 5.0±0.7BAV  

λ(≥55yr) is lower than λ(<55yr)  
7DAN 64±9DAN  5.1±0.7DAN 

8MFS 38±14 MFS  5.4±0.8MFS 

D
IS

 

(k
P

a)
 

90 Cylindrical model  ** 

20(0/20)BAV 55±12BAV 5.0±0.7BAV  
DIS(BAV):2.21±0.83 vs DIS(DAN):1.46±.83 
DIS(BAV):2.21±0.83 vs DIS(MFS):1.43±0.68 

S 
S 7DAN 64±9DAN  5.1±0.7DAN 

8MFS 38±14 MFS  5.4±0.8MFS 

EL
O

N
G

A
TI

O
N

 

TS
  (

kP
a)

 

88 
Maximum Cauchy 

stress  
* 

15(15/0)TAV 66±11 TAV  5.7±1.4 TAV TAV: TS(Circ): 961±61 vs TS(Ax):540±37  
BAV: TS(Circ): 1656±987 vs TS(Ax):698±31  
TS(BAV) is higher than TS(TAV) 

S 
S 
S 

23(0/23)BAV 54±4 BAV  5.0±0.5 BAV 

93 
Maximum second 

Piola-Kirchhoff stress  
*,** 

20TAA 59.45±7.86 TAA 3:1 TAA 4.94±0.48 TAA TAA: TS(Circ) is higher than TS(Ax) 
BAV,BAA: TS(Circ) vs TS(Ax) 
Ax: TS(BAV) is higher than TS(TAA) 

S 
NS 
S 

20(0/20)BAV 55±9.65BAV 3:1 BAV 5.01±0.50 BAV 

15BAA 58.07±14.70 BAA 11:4 BAA 4.93±0.53 BAA 

86 
Maximum Cauchy 

stress 
* 

7(7/0)TAV    
TS is higher for the circumferential direction and the half  
adventitia/surface of the sample 

 
 
 

24(1/16) TAA    

 41-79TOT 24TOT 4.0-6.8TOT 

122 
Maximum Cauchy 

stress   
* 

15 66±3  3.3±0.2 
TS(Circ) is higher than TS(Ax) S 

26 TAA 69±2 TAA  5.9±0.3 TAA 

101 
Maximum Cauchy 

stress 
* 

14 51±6  3.3±0.2 Ax: TS(TAA):1210±90 is lower than TS(ascending 
aorta):1710±140 
Circ: TS(TAA):1180±120 is lower than TS(ascending 
aorta):1800±240 
Ascending aorta, TAA: TS(Circ) vs TS(Ax) 

S 
S 

NS 
40TAA 66±2 TAA  5.8±0.3 TAA 

87 
Maximum Cauchy 

stress 
* 

11(0/11) BAV<50yr 39±10 BAV <50yr 11 BAV <50yr  <50yr: TS(BAV) vs  TS (MFS) 
≥50yr: TS (BAV) vs  TS(TAV) 
TS(<50yr) is greater than TS(≥50yr) 

NS 
NS 
S 

15(0/15) BAV ≥50yr 63±8 BAV ≥50yr 15 BAV ≥50yr  

6MFS 39±13 MFS 11 MFS  

87 NA  * 

11(0/11) BAV <50yr 39±10 BAV <50yr 11 BAV <50yr  
λmax(<50yr) is greater than λmax(≥50yr) 
Circ, Ax: λmax(BAV) vs  λmax(MFS) 

S 
NS 

15(0/15) BAV≥50yr 63±8 BAV ≥50yr 15 BAV ≥50yr  

6MFS 39±13 MFS 11 MFS  

A
I (

%
) 

93 NA  *,** 
20TAA 59.45±7.86 TAA 3:1 TAA 4.94±0.48 TAA 

BAV is more isotropic than TAA and BAA 20(0/20)BAV 55±9.65BAV 3:1 BAV 5.01±0.50 BAV 

15BAA 58.07±14.70 BAA 11:4 BAA 4.93±0.53 BAA 

121 NA  ** 
11(5/6)    

AI>0 : Axial direction is stiffer than circumferential 5 TAA    

 58±11TOT 6TOT  

102 
Engineering strain: 

7.5,25%  
** 

30 53±15 20  
AI(7.5%) vs AI(25%)  S 

14 TAA 62±10 TAA 12  
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AI: Anisotropic index, TAA: Ascending thoracic aortic aneurysm, BAA: Bovine aortic arch, BAV: Bicuspid 

aortic valve with aneurysm, Curv.: Curvature, DAN: Degenerative aneurysm, DIS: Distensibility, EH: High 

stress modulus, Em: Incremental elastic modulus, EmH: High stress modulus, EmL: Low stress modulus MFS: 

Marfan syndrome, N(TAV/BAV): Number of specimen (numbers of TAV/BAV), NS: No significance, S: 

Significance, TA: True aneurysm, TAV: Tricuspid aortic valve with aneurysm, TOT: Total, TS: Ultimate 

tensile strength, λ: Stretch ratio, *: Uniaxial tensile test, **: Biaxial tensile test, *,**: Both uniaxial and biaxial 

tensile tests. 
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Stress model : 
𝜎
= [2𝛼
+ 4𝛽(𝜆2 + 2𝜆−1 − 3)][𝜆2

− 𝜆−1] 

* 

15(15/0)TAV 66±11 TAV 
5.7±1.4 

TAV 
 

TAV: α(Circ):6.8±2.3 vs α(Ax):6.2±0.8 
          β(Circ):71.0±22.2 vs β(Ax):120.0±31.5  
BAV: α(Circ):4.8±0.3 vs  α(Ax):4n.5±0.4  
          β(Circ):12.3±1.1 vs  β(Ax):18.1±1.8 
Ax: α(BAV) vs α(TAV)  
Circ,Ax: β(BAV) is lower than β(TAV)  

NS 
NS 
NS 
S 
S 
S 

23(0/23)BAV 54±4 BAV  5.0±0.5 BAV 

98 

Fung energy 
function:  

𝑊 =
𝑐

2
(𝑒𝑄 − 1)  

** 14 TAA 47±14 TAA   c: 55.17±49.10, b1: 3.35±3.88, b2: 3.18±3.59, b3: 0.42±0.42 

99 

Stress model  
𝑑
𝑇

𝑑𝜆
=

{
𝛼1(𝑇 + 𝛽1),

𝑑𝑇

𝑑𝑡
> 0

𝛼2(𝑇 + 𝛽2),
𝑑𝑇

𝑑𝑡
< 0

  
* 6 TAA 25±2 TAA   α1: 10.82±3.57,  α2: 13.57±4.21  

101 
 

Stress model: 
𝜎
= [2𝛼
+ 4𝛽(𝜆2 + 2𝜆−1 − 3)][𝜆2

− 𝜆−1] 

* 

14 51±6  3.3±0.2 Circ: α(TAA):80±10 vs α(ascending aorta):150±50 
Ax: α(TAA): 100±20 vs α(ascending aorta): 110±40 
Circ: β(TAA):170±40 vs β(ascending aorta):40±10 
Ax: β(TAA):530±150 vs β(ascending aorta): 90±30 
ATA, TAA: α(Circ) vs α(Ax) 
TAA: β(Circ) vs β(Ax) 
ATA: β(Circ) vs β(Ax) 

NS 
NS 
S 
S 

NS 
S 

NS 

40TAA 66±2 TAA  5.8±0.3 TAA 

90 

Exponential 
constitutive relation: 
ρ0W =

𝑐

2
𝑒𝑄  

** 

20(0/20)BAV 55±12BAV 5.0±0.7BAV  

c: 5.8,b1: 15.3, b2: 11.9, b3: 25.0  7DAN 64±9DAN  5.1±0.7DAN 

8MFS 38±14 MFS  5.4±0.8MFS 



 

 
37 

Chapter 4: Expanded Literature Review of Speckle-

Track Echocardiography of the Ascending Aorta 

 

4.1 Transthoracic and Transesophageal Echocardiography 

Echocardiography is the application of ultrasound imaging to the heart and great vessels, 

including the thoracic aorta. Depending on the plane of view required by the clinician, the 

sonographer images through the chest (transthoracic echocardiography, TTE) or the 

esophagus (transesophageal echocardiography, TEE). TTE is non-invasive and is 

frequently used to capture a parasternal long-axis view of the heart or vessels and is often 

used to assess left ventricle function. TEE, in contrast, places the probe closer to the 

imaging plane by insertion within the esophagus and, in some cases, into the stomach. As 

a result, patients require sedation. 

 

Owing to the required focal depth of each modality (TEE, low depth, proximal & TTE, 

high depth, distal), TTE uses low ultrasonic frequency transducers of 2-5 MHz while TEE 

uses high frequency transducers of 3.5-7 MHz. Physically, this is described by the 

attenuation (A=af[2x]) which is the product of the pulse frequency (f), the distance from 

the transducer to the image plane (x) and the attenuation coefficient (a) of the transmitting 

material (soft tissue, blood, bone, etc.)123, 124. As a result, the attenuation per unit depth is 

proportional to the transducer frequency. Since TEE is performed proximal to the thoracic 



 

 
38 

aorta (i.e., x) one can compromise on increased signal attenuation for superior axial* 

(parallel to the beam) and lateral† resolution (orthogonal to the beam) as both increase with 

transducer frequency. 

 

4.2 2D Speckle-track Echocardiography 

Two-dimensional (2D) speckle-track echocardiography (STE) is an imaging modality that 

exploits the presence of natural acoustic markers (i.e., “speckles”) from standard B-mode 

(brightness mode) ultrasound images. Speckles are both stable and evenly distributed 

within the area of the imaged tissue125. As a result, speckles can be tracked within a time 

series of B-Mode images allowing for the measurement of tissue velocity. Strain (ε) can be 

obtained from STE by measuring the deformation between adjacent speckles: ε=δ/L0, 

where L0 is the original length between the two speckles and δ is the change in length (i.e., 

δ=L-L0)
126. This process can be scaled and applied to larger segmentations of a tissue; for 

instance, a quadrant of the circumference of the aortic wall.  

 

                                                           
* Axial resolution is inversely related to pulse length (LP) which is defined as the product 

of the number of cycles per pulse (NC) and the wavelength (λ=v/f, where v is the acoustic 

velocity in the transmitting medium): LP=NCλ. 

 

† Lateral resolution is increased as the beam diameter is decreased. As the beam converges 

to a minimum of half the transducer diameter (D) at the near-field length (LNF), having a 

larger LNF ensures a greater “axial window” beyond which the beam diverges: 

LNF=D2f/4v, where v is the acoustic velocity in the transmitting medium. 
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Depending on the angle at which the beam intersects the tissue, different planes of view 

corresponding to different axes of strain can be imaged for various cardiovascular 

structures. For the AA, two standard TEE views are available with the probe at the level of 

the mid-esophagus. The first is the short-axis (SAX) view that captures a transverse cross-

section of the AA (Figure 4.1-A). A SAX view allows for the measurement of 

circumferential (εCIRC) and radial strain (εRAD). The second is the long-axis (LAX) view 

that captures a longitudinal view of the inner and outer curvature‡ of the AA (Figure 4.1-

B). A LAX view allows for the measurement of longitudinal strain (εLONG) as well as radial 

strain and 2D diameter change, although both are limited to the intersecting plane. 

 

 

 

                                                           
‡ The inner and outer curvature of the AA are commonly referred to as the lesser and greater 

curvature, respectively. 
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Figure 4.1. Standard planes of view used in transesophageal echocardiographic imaging 

of the ascending aorta. Probe height with beam intersection and schematic of the 

corresponding B-mode image for the A) short-axis and B) long-axis view of the ascending 

aorta. Axes labels: CIRC–circumferential, RAD–radial, LONG–longitudinal. 

 

4.3 Echo-derived Mechanical Indices 

The previous chapter (Chapter 3) introduced the concept of mechanical dysfunction in the 

thoracic aorta. In a clinical context, without access to a tissue biopsy, mechanical 

assessment is confined to an in situ analysis of the passive vessel deformation in response 
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to the blood pressure waveform of the cardiac cycle. Tensile strength and other yielding 

properties cannot be measured under these conditions and therefore stiffness, or its 

approximation, has been used as the surrogate measure of the mechanical properties of the 

vessel wall. Several stiffness parameters have been developed previously that use one or 

more of the blood pressure measurements, the systolic (PS) and diastolic (PD) pressures and 

the vessel geometry by echo-measured deformation: 

 

1. The Stiffness Index (β)109, 127: β=ln(PS/PD)/([Dmax-Dmin]/Dmin), unitless  

Where Dmin and Dmax correspond to the minimum and maximum vessel diameters, 

respectively. 

 

2. Elastic Modulus (E)109, 127: E=(PS-PD)×Dmin/(Dmax-Dmin), units of force/area 

 

3. Pulse Wave Velocity (PWV)109, 127, 128: PWV=dP1-P2/ΔtP1-P2, units of length/time 

Where dP1-P2 is the arterial distance between two measurement points along an arterial 

branch and ΔtP1-P2 is the time for the pressure wave to travel between these points. 

According to the Moens-Korteweg equation, PWV√EY,§ where is EY is the Young’s 

modulus of the vessel wall. 

 

 

                                                           
§ The complete Moens-Korteweg equation: PWV=√[EYτ/2rρ], where τ is the vessel wall 

thickness, r is the vessel radius and ρ is the blood density126. 
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4. Incremental Modulus (Einc)
129: Einc=0.75R×dσ/dR, units of force/area 

Where R is the mid-wall radius** and σ is the stress according to an expanded Laplace’s 

Law that relates luminal pressure (P) to stress (σ). The derivation of this equation is 

provided in Pagani et al.129 In practice, Einc is proportional to the linear fit of the stress 

vs. diameter relation over a full cardiac cycle. 

 

Each of these parameters has its advantages and limitations. The advantage of parameters 

1-3 is the availability and simplicity of the measured inputs. However, their primary 

limitation is that there is no accounting for the tissue thickness. As a result, this 

simplification requires a substitution of pressure, acting normal to the vessel wall, for 

stresses within the wall. Conversely, parameter 4 (Einc) overcomes this limitation by 

accounting for wall stresses by an adapted expanded Laplace equation but is limited in its 

application due to poor resolution in measuring aortic wall thickness with echo. 

 

When full-cycle measurements of blood pressure and strain are obtained for the aorta (e.g., 

for Einc), they are temporally related to each other by end-diastolic gating using the patient’s 

ECG. Due to procedural restrictions/conventions, it is not always possible to place the 

pressure catheter at the site of imaging. In fact, it’s common to obtain the blood pressure 

trace from an invasive catheter in a peripheral artery (e.g., radial artery). As a result of a 

phase shift (φ) in pressure between central and peripheral arteries, the pressure waveform 

needs to be corrected to temporally align with the change in aortic strain (Figure 4.2). 

                                                           
** The mid-wall radius R is defined as: R=(a+b)/2, where a and b are the inner and outer 

radii of the vessel wall. 
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Figure 4.2. Relationship between aortic and radial artery pressure catheterization and 

aortic strain for biomechanical assessment. The A) normal and B) corrected radial pressure 

waveform overlaid with the aortic pressure waveform showing relative phase shifts (φ). C) 

Typical aortic pressure waveform overlaid with the circumferential aortic stretch (λCIRC) 

profile. D) Schematic showing the relative anatomical locations of catheterization points. 
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4.4 Aortic Biomechanics by Echocardiography 

Several studies have investigated the mechanical behaviour of the aorta under 

physiological conditions by echocardiography (Table 4.1). A common modality has been 

TTE with M-mode (motion mode). M-mode is used to capture a 1D ultrasound image, for 

instance the aortic cross-section showing opposite walls, over a period of time with very 

high temporal resolution. In this way, the aortic diameter can be measured with precision 

over a full cardiac cycle. Baumgartner et al. used this technique to measure an ~2-fold 

increase in AA stiffness in age-matched patients with Marfan syndrome compared to 

clinically healthy individuals13. Similarly, Vitarelli et al. and Oishi et al. used this echo 

modality to demonstrate that aortic stiffness is increased in persons with hypertension and 

>50 years, respectively16, 130.  

 

Speckle tracking has been used to identify the peak aortic strain or the full cyclic strain 

profile. Karatolios et al. demonstrated that, in patients with abdominal aortic aneurysm, the 

cyclic strain profile was more regionally heterogeneous than in healthy individuals131. 

Wittek et al. used 3D TTE to identify the circumferential and longitudinal strain profiles 

in the AA and abdominal aorta17. They reported that circumferential and longitudinal 

strains are similar in magnitude in the AA but that longitudinal strain becomes negligible 

in the abdominal aorta17. 

 

Lang et al. used a unique approach to identify the increased aortic stiffness with age by the 

incremental modulus, Einc, using TEE 2D SAX and M-mode imaging132. In that study, 

stress-strain curves were determined as described by Pagani et al.129 using a subclavian 
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pressure tracing, aortic wall thickness by M-mode imaging and area strain of the aorta in 

the transverse plane by the relative change in the aortic radius. 

 

Table 4.1. Studies examining the stiffness properties of the aorta, using echo 

Study Echo Modality Stiffness Parameter Location 

Lang et al., 1994 132 TEE SAX & M-mode Einc DA 

Sugioka et al., 2002 133 TEE M-Mode β DA 

Nemes et al., 2004 134 TEE SAX E DA 

Baumgartner et al., 2005 13 TTE M-mode β AA 

Drozdz et al., 2005 135 3D TEE β ND 

Vitarelli et al., 2010 16 TTE M-mode Strain, β, E, PWV AA 

Oishi et al., 2011 130 TTE SAX & M-mode Strain, β Abd.A 

Teixeira et al., 2013 15 ND SAX & M-mode Strain, β AA 

Karatolios et al., 2013 131 3D TTE (SAX & LAX) Strain Abd.A 

Petrini et al., 2014 136 TEE SAX & M-mode Strain, β DA 

Wittek et al., 2016 17 3D TTE (SAX & LAX) Strain AA/Abd.A 

Bieseviciene et al., 2017 14 TTE LAX β, E AA 

Alreshidan et al., 2017 137 TEE SAX β AA 

AA – ascending aorta, Abd.A – abdominal aorta, DA – descending aorta, ND – not disclosed 

 

The common link between these in vivo studies is their use of echo to estimate aortic 

stiffness. However, this approach requires an a priori assumption that these metrics indeed 

represent tissue stiffness and are not measurement artefacts of a complex and 

heterogeneous physiological environment. This thesis, herein, endeavoured to validate 
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both global (i.e., circumference-averaged) and regional echo-derived in vivo stiffness 

metrics by a rigorous comparison with ex vivo mechanical indices and histopathology.   
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Chapter 5: Transesophageal echocardiographic strain 

imaging predicts aortic biomechanics: Beyond diameter 

 

5.1 Preface 

This chapter is a published manuscript in The Journal of Thoracic and Cardiovascular 

Surgery (2018). As discussed in Chapter 3, several studies have used echo imaging to 

estimate the mechanical properties of the aorta in different disease states or as a function 

of age. However, these in vivo methods had not previously been validated with ex vivo 

measurements to confirm their accuracy. Second, nearly all of these studies used in vivo 

stiffness definitions (namely E and β) that substituted aortic pressure for wall stress due to 

a limitation in measuring tissue thickness in vivo. This article addressed these points by 

defining novel in vivo echo-derived stiffness moduli (see CCPM and CCSM) that estimated 

stiffness from both the pressure-strain and stress-strain relations. These moduli were 

measured in a cohort of 21 patients receiving elective aortic resection surgery and 

subsequently correlated with ex vivo mechanical indices (energy loss and stiffness). 

Furthermore, this study found a correlative link between the echo-derived moduli and the 

relative vessel wall composition of collagen and elastin.  

 

Ultimately, this article proposed a novel methodology to address a clinical limitation in 

identifying patients for surgery that may be miscategorised by aortic size criteria. Results 

demonstrated that patients could be identified by abnormal moduli that, in turn, related the 
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degree of histopathological remodelling of the aortic wall thereby providing information 

that was independent of aortic size.  
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5.3 Abstract 

Background: Clinical guidelines recommend resection of ascending aortic (AA) 

aneurysms at diameters ≥5.5cm to prevent rupture or dissection.  However, ~40% of all 

AA dissections occur below this threshold. We propose new TEE strain-imaging moduli 

coupled with blood pressure measurements to predict aortic dysfunction below surgical 

threshold. 

Methods: 21 patients undergoing aortic resection were recruited to participate in this study. 

TEE imaging of the aortic short axis and invasive radial blood pressure traces were taken 

for 3 cardiac cycles. Using EchoPac™ and post-processing in Matlab™, circumferential 

stretch profiles were generated and combined with the blood pressure traces. From this 

data, two in vivo stiffness moduli were calculated: the CCPM and CCSM. From the 

resected aortic ring, testing squares were isolated for ex vivo mechanical analysis and 

histopathology. Each square underwent equibiaxial tensile testing to generate stress-stretch 

profiles for each patient. Two ex vivo indices were calculated from these profiles (energy 

loss and incremental stiffness) for comparison with the CCPM and CCSM.  

Results: The echo-derived stiffness moduli demonstrate positive significant covariance 

with ex vivo tensile biomechanical indices: energy loss (vs. CCPM: R2=0.5873, P<0.0001; 

vs. CCSM: R2=0.6401, P<0.0001) and apparent stiffness (vs. CCPM: R2=0.2079, 

P=0.0378; vs. CCSM: R2=0.3575, P=0.0042). Similarly, these TEE-derived moduli are 

highly predictive of the histopathological composition of collagen and elastin 

(collagen/elastin ratio vs. CCPM: R2=0.6165, P<0.0001; vs. CCSM: R2=0.6037, 

P<0.0001). 
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Conclusion: TEE-derived stiffness moduli correlate strongly with aortic wall 

biomechanics and histopathology, which demonstrates the added benefit of using simple 

echo-derived biomechanics to stratify patient populations.  
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5.4 Introduction 

Acute dissection and rupture are usually fatal complications of aortic aneurysms and 

prevention is only possible with surgical intervention before these acute complications. 

Presently all guidelines use the maximum aortic diameter as the decisional criterion for 

surgical intervention138, 139. Unfortunately, nearly 40% of patients who present with 

dissection have aortic diameters below surgical criteria140. Accordingly, novel criteria are 

needed to identify those who are at risk of dissection or rupture.  

 

Ascending aortic (AA) aneurysms result from pathological remodeling of the vessel 

wall141. Thinning and fragmentation of elastic lamellae, deposition of collagens and 

accumulation of extracellular glycosaminoglycans are the most common characteristics of 

non-syndromic and non-traumatic aneurysm formation42, 49, 52. This extensive tissue 

remodeling alters the biomechanical properties of the aorta32, 33.  Aortic rupture and 

dissection occur due to a loss of mechanical integrity of the vessel wall.  Notably, ex vivo 

mechanical measures of AA tissue, such as stiffness, energy loss and ultimate strength have 

been shown to vary with tissue remodeling. Stiffness53, 85 and energy loss94, 142 both 

increase with pathological remodeling while strength of the aorta decreases85. These 

changes in biomechanics were demonstrated using the ex vivo stress-strain relationship 

based on testing of resected tissue. Reliably estimating these metrics in vivo would provide 

more information for surgical decision-making. 

 

Dynamic echocardiography is routinely used to assess cardiovascular function due to its 

high temporal resolution without the need to expose patients to contrast agents or ionizing 
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radiation. Dynamic speckle-track strain imaging of the aorta is an attractive approach to 

translate the measurement of tissue mechanics from a postoperative ex vivo analysis to a 

preoperative in vivo assessment.  

 

Previous studies have suggested that aortic stiffness can be deduced from echo strain-

imaging14, 15, 130, 136, 137. Indeed, TEE studies have revealed that the aortic wall of a subset 

of patients with bicuspid aortic valve (BAV)136 and patients <50 years-old130 are less stiff 

than those with tricuspid aortic valve (TAV) or >50 years-old.  However, no direct 

comparison between intrinsic risk factors, including ex vivo mechanics and the underlying 

wall pathology has been made.  

 

In this study, we demonstrate that speckle tracking echocardiography can reliably estimate 

the biomechanics of aortic tissue obtained ex vivo. Specifically, we used pre-operative TEE 

strain imaging of the aorta with concurrent blood pressure tracing to calculate two new 

stiffness moduli of the aortic wall, which were then compared with ex vivo mechanical 

analysis and tissue histopathology in patients undergoing aortic resection.  

 

5.5 Methods 

Study Cohort 

In compliance with the Canadian tri-council policy statement on ethical conduct for 

research involving humans, informed consent was obtained from 21 patients undergoing 

elective aortic valve and or aortic resection surgery. AA diameters ranged from 3.6–6.1 

cm- that is from mild to severe dilation.  
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Ex vivo Tensile Analysis 

A specimen of the aortic ring was obtained for each patient immediately following 

resection, clipped for anatomical orientation and stored in physiological saline at 4°C until 

further processing and testing. The maximum aortic diameter was measured for each ring 

before sectioning four 1.5×1.5cm2 testing squares, equally distributed around the 

circumference of the aorta representing the 1-anterolateral wall, 2-posterolateral wall and 

the 3-inner and 4-outer curvature. Five unique thickness measurements were taken for each 

testing square using a Mitutoyo Litematic VL-50A constant force digital micrometer 

(Mitutoyo Corp., Japan). The testing squares were then connected to an EnduraTEC ELF 

3200 planar biaxial tensile tester (Bose, Eden Prairie, MN) using hooked 4-0 silk sutures 

in a 37°C bath of Ringers-Lactate solution. The testing squares were oriented for 

equibiaxial stretching along their circumferential and longitudinal axes. Each sample was 

pre-conditioned for seven cycles (i.e., stretch and relaxation) followed by three cycles of 

data acquisition at a constant displacement rate of 0.1mm/s in the range of 0-60% strain. 

The resultant stress-strain relations were analyzed using Matlab™ (vR2014a, Natick, MA). 

More detailed tensile methodology using this setup has been described previously40, 53, 94, 

97. 

 

Circumferential ex vivo energy loss and stiffness were calculated from the circumferential 

engineering stress-strain relation. Energy loss is the percentage of elastic energy needed to 

stretch the testing square that is dissipated when the tissue is relaxed. The physiological 

interpretation of energy loss is the percent loss of elastic recoil energy in the tissue that is 
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not returned to blood flow (i.e., maintaining normal Windkessel function).  Its physical 

definition is the ratio of the area between the loading and unloading curve over the area 

under the loading curve (Figure 5.1-A). Since aortic tissue has a nonlinear stress-strain 

curve (Figure 5.1-A), stiffness is defined as the slope of a line tangent to the stress-strain 

loading curve; formally, this parameter is the apparent elastic modulus (defined at 50% 

strain) and has been reported previously to describe aortic stiffness in humans94, 142.  
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Figure 5.1. Ascending aortic mechanics using ex vivo tensile analysis and TEE-derived in 

vivo metrics. A) 1.5x1.5cm2 testing squares were isolated from an aortic specimen and 

stretched biaxially along the circumferential (Circ) and longitudinal (Long) axes to obtain 

the stress-stretch profile of the aortic wall segment. Energy Loss is defined as the area 

between the loading curve and the unloading curve divided by the area under the loading 

curve: Energy Loss = Area(i)/[Area(i)+Area(ii)]x100%. Stiffness (i.e., apparent modulus 

at 50% strain) is defined as the slope of a tangent to a defined point on the stress-strain 
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curve. B) In vivo, the aorta expands and recoils with changes in blood pressure leading to 

increased stresses in the vessel wall. A global (region-averaged) TEE speckle-track strain 

imaging profile (○) and blood pressure profile (●) were plotted for a full cardiac cycle. 

Blood pressure-stretch curves (☐) were subsequently determined with the slope of the 

linear fit being defined as a novel TEE modulus, the CCPM. 

 

Transesophageal Echocardiographic Strain Imaging 

All TEE imaging was performed at the time of surgery, after administered anesthetic but 

before the sternotomy, using a GE Vivid 7 echocardiographic unit (GE Healthcare, 

Madison, WI). The TEE probe was inserted into the esophagus to the level of the great 

vessels to capture the point of maximum aortic dilatation. A 2-dimensional short-axis (2D-

SAX) view of the AA was captured for three cardiac cycles, ensuring one non-truncated 

cycle. In tandem, an invasive arterial pressure trace was taken from the patient’s radial 

artery for the same measurement interval. 

 

TEE speckle-tracking strain analysis was performed using GE’s EchoPAC™ software (GE 

Healthcare). Using the Q-Analysis function for the aortic short-axis, markers were 

manually placed around the aortic circumference and the region of interest (maximal aortic 

diameter) was adjusted to fit the thickness of the aortic wall. 2D ECG-gated radial strain 

profiles were obtained for six segments around the circumference of the aorta (Figure 

5.S.1). Post-processing of the radial strain (εRad=[λRad-1]×100%) profile was done in 

Matlab™ to generate a global circumferential stretch profile of the aorta for each patient 

by making the assumptions i) of tissue incompressibility in the physiological range143 and 
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ii) that physiological aortic stretch is approximately equal in the circumferential and 

longitudinal axes17, 144, and therefore related by the following equation: 

 

λCirc = √(1/λRad) -----------------------------------------(5.1) 

 

where λCirc and λRad are the circumferential and radial stretches, respectively.  

 

TEE-derived Stiffness Moduli  

ECG-gating of both the radial blood pressure and the aortic stretch allowed each profile to 

be defined on the same cardiac cycle time domain (Figure 5.1-B). Then, plotting each 

value of stretch and the phase shifted pressure at each time step generated a unique 

pressure-stretch curve for each patient (Figure 5.1-B). The generated curve creates a 

hysteresis loop similar to the ex vivo stress-strain curve.  However, the shapes of the curves 

are distinctly different because of the assumption of translating blood pressure to a tissue 

stress and the limitations in the scale and rate of strain produced in vivo.  Therefore, we use 

the average slope of the pressure stretch-loop as a metric for comparison. This novel 

mechanical parameter, termed the Cardiac Cycle Pressure Modulus (CCPM), is in effect a 

simple measure of the average aortic stiffness which does not account for variations in 

tissue thickness between patients. This measure captures the dynamics of both the loading 

(increasing tissue stresses) and unloading (decreasing tissue stresses) states of the cycle but 

is notably different from the ex vivo analysis where, by convention, stiffness is evaluated 

only on the loading curve.  
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The circumferential stress in the aortic wall was then estimated by applying Laplace’s Law, 

which states that, for thin-walled, isotropic, cylindrical vessels, the circumferential wall 

stress (formally “Hoop Stress”, σHoop) is related to the luminal blood pressure (P) by the 

following: 

 

 σHoop = PD/(2τ) -----------------------------------------(5.2) 

 

where D is the aortic diameter (i.e., maximum echo-measured aortic diameter) and τ is the 

aortic wall thickness. Using this relation, converting the pressure-stretch profile to a hoop 

stress-stretch profile, we generated a second stiffness modulus, termed the Cardiac Cycle 

Stress Modulus (CCSM) that has the following definition: 

 

CCSM ≡ CCPM×D/(2τ) ------------------------------------(5.3) 

 

This measure requires a priori knowledge of the aortic thickness that, for this study, was 

the ex vivo tissue thickness.  

 

Histology 

A small piece of aortic tissue adjacent to each testing square was preserved in 10%(v/v) 

buffered formalin. The tissue was paraffin-embedded and 7μm sections were prepared and 

stained with Movat’s pentachrome. Two 10x-magnified images were obtained for each 

section: one representing the intima-media and the other representing the media-adventitia. 

Percent micrograph field coverage of medial elastin and collagens were quantified for each 
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image using ImageJ™. A single data point per patient represents an average histological 

quantification of all regions of inquiry around the aortic circumference.  

 

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 5.01 (GraphPad, San Diego, CA). 

Linear regression analysis was used to determine covariance. Covariance plots are 

presented with a linear regression line (solid, black) and a 95% confidence interval (dotted, 

black) and were considered significant with a P value ≤0.05. 

 

5.6 Results 

A total of 21 patients were recruited for this study. Table 1 summarizes our study group 

by aortic valve phenotype, age, sex, maximum aortic diameter, pre-existing comorbidities 

and chronic medication. A total of 7 tricuspid aortic valve patients (TAV) and 14 bicuspid 

aortic valve patients (BAV) were included with mean ages of 72±12 years and 57±17 years, 

respectively. For 6 patients, fewer than 4 quadrants were available for ex vivo testing due 

to specimen size. 
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Table 5.1. Study cohort demographics—patients are distributed by aortic valve phenotype, 

sex and age. Pre-existing comorbidities and chronic medication use are presented. 

Patient 

No. 
Age Sex Ao. Valve 

Max Ao. 

Diameter 

(mm) 

Comorbidities Medication 

1 44 F BAV 36 AS BB 

2 50 F BAV 42 AS   

3 52 F BAV 42 AS, HT ACEI, BB 

4 56 F BAV 42 HT, AS BB 

5 81 F  BAV 68 AS   

6 22 M BAV 75 FH, latent tuberculosis BB 

7 38 M BAV 58 AI ARB, Statin 

8 46 M BAV 36 AS, MI ACEI, BB, CCB, Statin 

9 57 M MECH (BAV) 55 AVR at 22years  ACEI 

10 61 M BAV 45 AI, Hypothyroidism Levothyroxine 

11 69 M BAV 47 AS Statin 

12 72 M BAV 49 AS, MI  

13 76 M BAV 57 AS, AFib, Asthma ARB, CCB, Digoxin 

14 79 M BAV 53 AS, HTN, DM ACEI, Amiodarone 

15 71 F TAV 61 AI, COPD, MI BB 

16 86 F TAV 60 AI, HT ACEI, BB 

17 88 F TAV 55 AI ACI, CCB 

18 57 M TAV 40 AI, OI BB 

19 58 M TAV  53 AI ARB 

20 66 M TAV 50 AS, HTN ARB, CCB 

21 77 M TAV 50 AI, DM, HT ACEI, CCB, Statin 

Comorbidities: AFib=atrial fibrillation, AI=aortic insufficiency, AS=aortic stenosis, AVR=aortic valve 

replacement, COPD=chronic obstructive pulmonary disease, DM=diabetes mellitus, FH=family history, 

HT=hypertension, MI=myocardial infarction, OI=osteogenesis imperfecta 

Medication: ACEI=ACE inhibitor, ARB=angiotensin receptor blocker, BB=beta blocker, CCB=calcium 

channel blocker 
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TEE strain imaging-derived measures of impaired aortic biomechanics 

The CCPM (Figure 5.2-A) as well as the CCSM (Figure 5.2-C) demonstrated a strongly 

significant co-variance with ex vivo circumferential energy loss, (R2=0.5873, P<0.0001) 

and (R2=0.6401, P<0.0001) respectively, with larger moduli being measured in aortas with 

increased energy loss. 

 

The two TEE-derived moduli were compared with ex vivo aortic wall stiffness, with ex 

vivo stiffness being defined as the apparent modulus at 50% strain. Our findings 

demonstrate that CCPM demonstrates a positive, significant covariance with the ex vivo 

apparent elastic modulus (R2=0.2079, P=0.0378), Figure 5.2-B. Similarly, we observed a 

significant positive covariance when comparing CCSM to the ex vivo apparent modulus 

(R2=0.3575, P=0.0042), Figure 5.2-D. 
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Figure 5.2. Comparison of TEE-derived moduli with ex vivo measures of energy loss and 

stiffness by regression analysis. A) Ex vivo circumferential energy loss and B) 

circumferential stiffness vs. CCPM. C) Ex vivo circumferential energy loss and D) 

circumferential stiffness vs. CCSM. Data points are distinguished by aortic valve 

phenotype: tricuspid aortic valve (●) and bicuspid aortic valve (●). 

 

TEE strain imaging-derived measures as a predictor of aortic histopathology 

The collagen/elastin ratio, which is a unitless fraction of the two species, co-varied 

significantly with the CCPM (Figure 5.3-A) and CCSM (Figure 5.3-B), (R2=0.6165, 

P<0.0001) and (R2=0.6037, P<0.0001) respectively, revealing that patients with higher 

proportions of medial collagens relative to elastin had greater TEE-measured moduli. 
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Representative histological images are presented in Figure 5.3 to highlight the range of 

tissue remodeling observed in this patient cohort. This range includes little to no loss of the 

de novo aortic wall composition (bottom panel) to severe medial degeneration with nearly-

complete loss of the elastic structure with sizeable deposition of collagens (top panel).  

 

Figure 5.3. Comparison of TEE-derived moduli with aortic wall histopathology by 

regression analysis. A) Aortic wall collagen/elastin vs. CCPM. B) Aortic wall 

collagen/elastin vs. CCSM. Representative Movat-stained histological images of 3 patients 

reveal varied levels of collagen deposition (stained yellow) and intact or disrupted elastic 
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sheets (stained black). Data points are distinguished by aortic valve phenotype: tricuspid 

aortic valve (●) and bicuspid aortic valve (●). 

 

Aortic Diameter as a Predictor of Impaired Aortic Biomechanics 

In vivo aortic diameter was significantly correlated with ex vivo circumferential energy loss 

(R2=0.3800, P=0.0029), Figure 5.4-A, but not with ex vivo measured circumferential 

stiffness (R2=0.1486, P=0.0855), Figure 5.4-B. Aortic diameter was modestly correlated 

with aortic wall histopathology, with larger diameter aortas containing a greater proportion 

of collagen/elastin (R2=0.2155, P=0.0340), Figure 5.4-C. 
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Figure 5.4. Comparison of aortic size with ex vivo biomechanics and histopathology. A) 

Ex vivo circumferential energy loss vs. in vivo aortic diameter. B) Ex vivo circumferential 

stiffness vs. in vivo aortic diameter. C) Aortic wall collagen/elastin vs. in vivo aortic 

diameter. Data points are distinguished by aortic valve phenotype: tricuspid aortic valve 

(●) and bicuspid aortic valve (●). 

 

Finally, to illustrate how the CCPM and CCSM can be applied to improving patient 

outcome, these values were plotted as a function of aortic diameter to establish a 2-

dimensional risk assessment (Figure 5.5-A&B, respectively). The CCPM or CCSM as the 

vertical axis describes the risk associated with impaired mechanical function and 

pathological remodeling that can occur irrespective of aortic diameter. The correlations are 

low. This indicates that both indices identify features that are not identical with aortic 
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diameter and therefore, potentially, could contribute independent information as to risk. 

Indeed, 3 patients below the surgical threshold with large echo moduli were identified. 

Histological assessment of these patients confirmed a pathological disruption of the elastic 

structure with accumulated collagen deposition (Figure 5.5-panels:*,†,‡). Furthermore, 2 

patients above the surgical threshold with low echo moduli were identified as having a less 

pathological aortic wall with intact elastic lamellae and little collagen (Figure 5.5-

panels:§,‖).   
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Figure 5.5. Comparison of TEE-derived moduli with aortic size as a method to identify at-

risk patients. A) CCPM vs. in vivo aortic diameter. B) CCSM vs. in vivo aortic diameter.  

The vertical dotted line is the current surgical threshold of ≥5.5 cm while the horizontal 

dotted line is defined at the intercept of the linear regression and the surgical threshold. 

Histopathology panels of Movat-stained sections of the AA wall: high echo moduli, low 

AA diameter (patients:*,†,‡); low echo moduli, large AA diameter (patients:§,‖). Data 
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points are distinguished by aortic valve phenotype: tricuspid aortic valve (●) and bicuspid 

aortic valve (●). 

 

A summary of the comparisons between the TEE-derived aortic measurements and moduli 

and ex vivo measures, including the tensile mechanics and wall histopathology, are 

presented in Table 5.2. 

 

Table 5.2. Aortic size, mechanical and histopathological comparisons and the 

corresponding regression coefficients and P-values. 

  

Ex vivo tensile mechanics Histopathology 

Energy Loss 
Stiffness 

Collagen/Elastin  
(Apparent Modulus) 

In vivo ** n.s.  * 

Aortic 

Diameter 

R2=0.3800, 

P=0.0029  

R2=0.1486, 

P=0.0855 
R2=0.2155, P=0.0340  

In
 v

iv
o
 T

E
E

 

m
ec

h
a
n

ic
s CCPM 

*** * *** 

R2=0.5873, 

P<0.0001  

R2=0.2079, 

P=0.0378 
R2=0.6165, P<0.0001 

CCSM 

*** ** *** 

R2=0.6401, 

P<0.0001   

R2=0.3575, 

P=0.0042 
R2=0.6037, P<0.0001 

 

5.7 Discussion 

Current clinical guidelines assume that there is a critical aortic diameter at which the risk 

of catastrophic tissue failure increases dramatically22, 145. Aortic dilation is, unquestionably, 

a hallmark of the disease but does not represent an intrinsic tissue material property. Aortic 

dilatation also fails to relay the magnitude of stress or concentration of stress in the aortic 
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wall.  Accordingly, our aim was to use TEE speckle tracking with blood pressure to devise 

novel in vivo stiffness moduli based on tissue biomechanics, which might help stratify at-

risk patients beyond aortic diameter alone.  

 

Using 2D-SAX AA strain imaging with concurrent blood pressure tracing, we developed 

moduli of the pressure-stretch (CCPM) and stress-stretch (CCSM) cardiac cycle average 

loop. Both the CCPM and CCSM significantly predicted the variance of ex vivo energy 

loss. Similarly, the CCPM and CCSM significantly predict ex vivo stiffness. Both indices 

performed better than aortic diameter.  

 

Both echo moduli and aortic diameter were much more closely related to energy loss than 

to ex vivo stiffness. These observations are of interest since other studies have shown that 

energy loss is representative of aortic wall histopathology94, 142, 146 and has been found to 

increase in regions of chronic aortic dissection147 while aortic stiffness did not significantly 

correlate with tissue histopathology94.  Moreover, ex vivo stiffness (50% apparent modulus) 

is defined at a single strain value. Accordingly, small variations in ex vivo measurements, 

such as the suture placement during tensile testing, can have a considerable impact on the 

calculated stiffness because of its highly nonlinear relationship with strain. By contrast, ex 

vivo energy loss is much less susceptible to these pitfalls since it is, by definition, a self-

normalizing value, averaged over a full stress-stretch cycle. 

 

CCSM was more highly correlated with ex vivo aortic energy loss and stiffness than the 

CCPM. This may be due to including actual aortic anatomical dimension in the calculation 
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of CCSM rather than simple blood pressure in calculation of CCPM.  On the other hand, 

CCPM has the practical advantage that it requires only standard blood pressure tracing and 

TEE strain imaging whereas CCSM requires measurement of the aortic wall thickness that, 

for this study, was taken ex vivo. For the CCSM to become a fully in vivo measure, an 

accurate methodology to measure aortic tissue thickness must be established. MRI has 

sufficient resolution45 while axial high-frequency echo resolution is ~0.25 mm148 and 

therefore cannot precisely measure regional and inter-patient differences in aortic 

thickness53, 93. 

 

Histopathological change in the AA wall is a central marker of the disease process in 

degenerative AA aneurysm141. In particular, the content of the structural proteins, collagen 

and elastin, is altered significantly in the pathological remodeling process of the AA 

wall141. Both the CCSM and CCPM correlated strongly with the collagen/elastin ratio in 

the AA. Aortic diameter also significantly correlated with collagen/elastin but the strength 

of the correlation was much less.  

 

Other TEE measures have been used to describe stiffness in the ascending aorta14, 15, 130, 136, 

137. The most common is the β stiffness index (β=ln[PS/PD]/[(Dmax-Dmin)/Dmin]), a two-point 

measure that relates the systolic/diastolic pressure ratio to the change in AA diameter 

(D)109. Unlike the moduli presented in this study, β does not account for the temporal 

component of strain or pressure. In a study of 17 patients, Alreshidan et al. have shown 

that the β stiffness index is not predictive of regional ex vivo stiffness in the AA137. In this 

cohort, we observed that β did not significantly correlate with ex vivo stiffness and only 
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moderately correlated with energy loss and histopathology, performing worse than both 

the CCPM and CCSM (Figure 5.S.2). 

 

Aortic diameter is, unquestionably, an important maker of the risk of rupture or dissection.  

However, equally clearly, it is not sufficient, since at least 40% of these catastrophic events 

occur at an aortic diameter below the threshold for surgical intervention. To be of clinical 

value, any additional marker must contribute new information as to risk. That is why the 

relatively low correlation between CCSM and CCPM with aortic diameter is encouraging 

because it suggests that if CCSM and CCPM are shown in prospective studies to be 

significant markers of risk that they may well contribute prognostic information that is 

independent of, and therefore additive to, aortic diameter. 

 

5.8 Study Limitations 

Our cohort is similar in size to others that have been designed to compare in vivo parameters 

with ex vivo measures of risk 53, 85, 137. It was designed to validate two novel non-invasive 

measures against ex vivo measures of aortic wall function and structure. It was not designed 

to determine whether these novel measures contribute significant prognostic information 

as to the risk of a catastrophic aortic event in patients with aneurysms of the ascending 

aorta. Second, assigning one modulus value per patient relies on the average strain profile 

around the circumference of the aorta which was rarely uniform regionally. This potentially 

limits our understanding of the regional differences in AA wall behavior and its connection 

to patient risk. Finally, this method relies on a non-truncated short-axis view of the aorta. 
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Owing to a known blind spot at the level of the tracheal carina, the distal ascending aorta 

and aortic arch are obscured from TEE view.  

 

Although energy loss has been reported as a robust mechanical measure that corresponds 

to the pathological state of the aortic wall, no prospective study has been conducted that 

links energy loss with clinical occurrence of acute dissection or rupture. Furthermore, the 

limited range of strain during the cardiac cycle makes estimating in vivo energy loss 

difficult.  

 

5.9 Conclusion 

This study involved a cohort of patients with a broad range of AA dilation above and below 

surgical criteria of ≥5.5cm. We have demonstrated that two novel TEE-derived strain 

imaging moduli can be obtained non-invasively and correlate highly with ex vivo 

mechanics and histopathology. AA diameter, which is used as surgical criteria, is 

considerably less predictive of these properties. The present findings support prospective 

testing of CCPM and CCSM as novel non-invasive markers of the risk of aortic rupture or 

dissection. 

 

5.10 Supplementary Material 

The following appeared as supplementary material made available with the published 

article: 
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Figure 5.S.1. Representative ECG-gated radial strain profile of the ascending aorta using 

EchoPac™. 

 



 

 
75 

Figure 5.S.2. Comparison of β stiffness index with ex vivo biomechanics and 

histopathology. A) Ex vivo circumferential energy loss vs. β stiffness index. B) Ex vivo 

circumferential stiffness vs. β stiffness index. C) Aortic wall collagen/elastin vs. β stiffness 

index. Data points are distinguished by aortic valve phenotype: tricuspid aortic valve (●) 

and bicuspid aortic valve (●). 
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Chapter 6: Measuring Non-uniform Wall Motion and 

Regional Biomechanics of the Ascending Aorta Using 

Transesophageal Echocardiography 

 

6.1 Preface 

This chapter is a submitted manuscript in The Journal of Thoracic and Cardiovascular 

Surgery (April 2018). As discussed in the previous chapter, global (i.e., circumference-

averaged) CCPM and CCSM were predictive tensile indices (energy loss and stiffness) as 

well as collagen/elastin content. Although global values appear to accurately represent the 

mechanical state of the aortic wall, they do not provide any information about local 

differences in tissue motion or stiffness. Since dissection of the aortic wall is a localized 

phenomenon, global parameters limit the interpretation of our moduli in this context. This 

chapter addresses this limitation by identifying the values of CCPM and CCSM at four 

distinct regions around the aortic circumference. Similarly, ex vivo energy loss, stiffness, 

aortic thickness and histology were measured from resected tissue samples at the identical 

loci. It was found that considerable heterogeneity in regional strain occurred and 

occasionally resulted in compression of one or more of the regional segments. From this 

data, regional heterogeneity in CCPM and CCSM was discovered to increase as the vessel 

wall exhibited increase energy loss and stiffness.  

 

 



 

 
77 

6.2 Article 

Measuring Non-uniform Wall Motion and Regional Biomechanics of the 
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6.3 Abstract 

Background: In vivo ascending aortic (AA) stiffness measurements using speckle track 

echocardiography (STE) have been shown to adequately describe the average mechanical 

dysfunction of the vessel wall. Dissection and rupture of the AA are localized failure of the 

tissue. This study identifies regional heterogeneity in the STE-derived in vivo strain and 

calculated stiffness and compares the results with ex vivo biomechanics and histopathology. 

Methods: Twenty-one patients undergoing aortic resection were recruited for this study. 

TEE imaging of the aortic short-axis and invasive radial blood pressure traces were taken to 

calculate the cardiac cycle pressure modulus (CCPM) and cardiac cycle stress modulus 

(CCSM) for 4 regions around the aortic circumference: inner (IC) and outer (OC) curvature 

and the anterolateral (AL) and posterolateral wall (PL). From the resected aortic ring, testing 

squares were isolated from the identical regions for ex vivo mechanical analysis and 

histopathology. Ex vivo energy loss and apparent stiffness were calculated for comparison 

with the CCPM and CCSM.  

Results: Twelve patients showed at least one region of compression over the cardiac cycle.  

Regional CCPM and CCSM were correlated with the regional ex vivo energy loss (vs. 

regional CCPM: R2=0.2226, P<0.0001; vs. regional CCSM: R2=0.3447, P<0.0001) and 

regional apparent stiffness (vs. regional CCSM: R2=0.2022, P<0.001). Furthermore, an 

increase in Max ΔCCPM and Max ΔCCPM, measures of regional heterogeneity, coincides 

with an increase in average ex vivo stiffness and energy loss. 

Conclusion: Compression of one or more regions was seen in half the patients. CCPM and 

CCSM showed increased regional heterogeneity in degenerative AA tissue. The AL and OC 
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regions were found to be under tensile strain more frequently and the thinnest regions on 

average (14 of 21 patients). 
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6.4 Introduction 

Aneurysm of the ascending aorta (AA) is an insidious disease that carries significant risk of 

mortality that can be corrected with elective surgery. The predominant criterion for surgical 

intervention is aortic size, which is known to be an insufficient predictor of the localized 

phenomenon of acute dissection or rupture149. Based on data from the International Registry 

of Acute Aortic Dissection (IRAD), Pape et al. reported that approximately 59% of all AA 

aneurysms will dissect below the threshold of intervention140. A biomechanics-based 

approach to aortic stability could add a much-needed dimension to surgical management by 

identifying patient-specific mechanical dysfunction in the aortic wall. So far, ex vivo 

mechanical studies on the resected AA wall have identified metrics that scale with the 

histopathology of the disease (i.e., stiffness53, 85, energy loss94, 142 and ultimate strength85). 

Advances in medical strain imaging from CT, MRI and echo have made it possible to apply 

these metrics pre-operatively15, 130, 132, 136, 150. 

 

TEE-derived stiffness has identified differences in aortic compliance in patients categorized 

by age130 or aortic valve phenotype136. Our group has recently shown that global 

circumferential ascending aortic echo-derived stiffness correlates with ex vivo mechanical 

measures and aortic wall histopathology, providing information that is independent of aortic 

size137, 151. These global cardiac cycle pressure and stress moduli (abbreviated as CCPM and 

CCSM) provide a good indication of the mechanical function of the vessel wall,151 however 

a large prospective trial is needed to determine if these measures improve patient selection 

for intervention.  
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Although global parameters may accurately describe the mechanical dysfunction 

corresponding to aortopathy, there is evidence that AA dissections or rupturing originate 

from local phenomena, occurring most frequently as transverse tears52 along the outer 

curvature (OC) of the vessel152. Ex vivo studies have shown that the tensile properties of the 

AA are only moderately heterogeneous around the aortic circumference in both healthy153 

and dilated pathologies53, 95. However, testing aortic tissue ex vivo is dependent on applying 

uniform strain or stress to the tissue. This testing does not take into consideration the 

biomechanical effects of surrounding structures and the composite physiologic behavior of 

the aorta as a whole unit through the cardiac cycle. 

 

This present study sought to determine the in vivo regional tissue deformations and regional 

stiffness in the ascending aortic aorta using transesophageal 2D strain echocardiography 

(2DSE) combined with radial blood pressure tracing. Region-adjacent differences in echo 

stiffness parameters were subsequently calculated to identify the level of heterogeneity in 

vessel wall deformation within the transverse axis of the AA. These values computed from 

the echo strain-imaging data and subsequently compared with ex vivo mechanical indices and 

histopathology.  

 

6.5 Methods 

Study Cohort 

Informed consent was obtained from 21 patients undergoing elective aortic resection surgery 

with or without aortic valve correction. Mild to severe aortic dilatation was represented in 

this study with AA diameters ranging from 3.6–6.1 cm. This study was conducted in 



 

 
82 

compliance with the Canadian tri-council policy statement on ethical conduct for research 

involving humans.  

 

Regional Biomechanics by Transesophageal Echocardiographic Strain Imaging 

TEE imaging was performed using GE Vivid 7 echocardiographic units (GE Healthcare, 

Madison, WI) on anesthetized patients before receiving sternotomy. The TEE probe was 

inserted into the esophagus to the level of the aortic root or proximal AA to capture a 2-

dimensional short-axis (2D-SAX) view at the point of maximum dilatation. Three ECG-gated 

strain cycles were captured and, in tandem, an ECG-gated invasive radial artery pressure 

trace was taken for the same three heartbeats. 

 

TEE speckle-tracking strain analysis was performed using the quantitative analysis toolkit in 

GE’s EchoPAC™ software (GE Healthcare, Norway) and described previously151. In brief, 

user-selected markers were placed around the aortic circumference and adjusted to fit the 

inner and outer wall aortic radii. 2D radial strain profiles were obtained for six default 

segments around the circumference of the aorta and subsequently combined to generate 

regional circumferential stretch profiles for the inner (IC) and outer curvature (OC) and the 

anterolateral (AL) and posterolateral (PL) walls, Figure 6.1-A. Strain-gating was performed 

with the reference position at end-diastole (QRS). 

 

Using the strain definition provided by Voigt et al.126 for 2D speckle-track echo (ε=[λ-1]; 

λ=L/L0), radial strain (εRad) was converted to radial stretch (λRad). Second, the circumferential 

stretch (λCirc) profile was calculated from the λRad profile by λCirc=√(1/λRad), which describes 



 

 
83 

the conservation of tissue volume assuming stretching is both incompressible143 and that 

circumferential and longitudinal stretching is equibiaxial17, 144 in the physiological range. 

Using these values, pressure-stretch loops for each quadrant were generated from the time-

shifted radial pressure trace and the λCirc, Figure 6.1-B, similar to those described by Lang 

et al.132 and Pagani et al.129 

 

Two echo-derived moduli were calculated. The Cardiac Cycle Pressure Modulus (CCPM), 

is defined as the slope of the linear fit through the pressure-stretch data, Figure 6.1-B. The 

Cardiac Cycle Stress Modulus (CCSM), is a correction of the pressure-derived CCPM by 

calculating the circumferential stress using Laplace’s Law: CCSM≡CCPM×D/(2τ), Figure 

6.1-C. In this definition, which assumes a thin-walled cylindrical vessel, τ is ex vivo the tissue 

thickness and D is the maximum echo-measured AA diameter. 
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Figure 6.1. In vivo ascending aortic biomechanics by transesophageal echocardiography. A) 

Regional ECG-gated strain imaging of the aortic short axis using GE EchoPac™. B) Gated 

regional circumferential stretch (λCIRC) and gated blood pressure (P) data were used to 

generate the CCPM, defined as the slope of a linear fit through the pressure-stretch curve. C) 

A second regional modulus (CCSM) was derived by using Laplace’s law to convert blood 
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pressure to circumferential stress. IC-inner curvature, AL-anterolateral wall, OC-outer 

curvature, PL-posterolateral wall. 

 

The regional variabilities corresponding to each of the moduli were calculated (Max 

∆CCPM and Max ∆CCSM). They are defined as the maximum absolute value per patient 

of the moduli difference between nearest-neighbor regions, e.g., Max ∆CCPM≡abs[CCPMi-

CCPMi±1]. For instance, if i represents the IC quadrant then i±1 represents either the AL or 

PL quadrant; this was repeated for all possible nearest-neighbor combinations, and the 

maximum value for each patient was reported. 

 

Ex vivo Tensile Analysis 

During the surgical procedure, the resected aortic ring was obtained, clipped for anatomical 

orientation by the surgeon and stored in physiological saline at 4°C (Figure 6.2-A). Within 

24 hours of resection, four 1.5×1.5cm2 testing squares were prepared from the specimen for 

each of the defined regions around the aortic circumference: the inner curvature (IC), the 

anterolateral (AL) wall, the outer curvature (OC) and the posterolateral (PL) wall (Figure 

6.2-B). Five unique thickness measurements were taken for each testing square using a 

Mitutoyo Litematic VL-50A constant force digital micrometer (Mitutoyo Corp., Japan). The 

testing squares were then placed in a 37°C bath of Ringers-Lactate solution and fastened to 

the displacement arms of an Electroforce ELF 3200 planar biaxial tensile tester (TA 

Instruments, New Castle, DE) using hooked 4-0 silk sutures. The testing squares were 

oriented for equibiaxial stretching along their circumferential (CIRC) and longitudinal 

(LONG) axes (Figure 6.2-C). Each sample was pre-conditioned for seven testing cycles of 
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stretch and relaxation followed by three cycles of data acquisition at a constant displacement 

rate of 0.1mm/s from 0-60% strain. The subsequent regional stress-strain relations were 

analyzed using Matlab™ (vR2014a, Natick, MA) following a methodology that has been 

previously described 40, 53, 94, 97. 

 

Two ex vivo parameters were calculated from the circumferential engineering stress-strain 

relation for each regional testing square: 1) energy loss and 2) stiffness. The first, energy 

loss, is a viscoelastic measure that is defined as the ratio of the area between the loading and 

unloading curves to the area under the loading curve (Figure 6.2-D). Energy loss represents 

the percentage of elastic energy needed to stretch the testing square that is not recovered 

when the tissue is relaxed. The second ex vivo parameter, stiffness, is presented as the 

apparent elastic modulus at 50% strain. The apparent elastic modulus is defined as the slope 

of a line tangent to the hyperelastic stress-strain loading curve at a 50% strain value (Figure 

6.2-D) and has been used previously to describe AA stiffness94, 142, 151. 
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Figure 6.2. Ex vivo ascending aortic biomechanics by biaxial tensile testing. A) Surgical 

specimens were clipped for orientation and B) 1.5x1.5cm2 testing squares were isolated for 

each of the four aortic regions. C) Each square underwent biaxial tensile testing to 60% strain 

with stretching along the circumferential (CIRC) and longitudinal (LONG) axes. D) Two ex 

vivo parameters were calculated from the circumferential stress-strain data for each testing 

square: 1) energy loss (≡100%×Area[α]/Area[α+γ]) and 2) the apparent elastic modulus at 
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50% engineering strain (slope of the green line). IC-inner curvature, AL-anterolateral wall, 

OC-outer curvature, PL-posterolateral wall. 

 

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 5.01 (GraphPad, San Diego, CA). 

Box-whisker diagrams use a two-way ANOVA and Bonferroni post-hoc test to determine 

regional differences in our study group. Each box represents the position of the 1st and 3rd 

quartile with a horizontal line representing the group median and whiskers representing the 

maximum and minimum values in each respective group. Linear regression analysis was used 

to determine covariance. Covariance plots are presented with a linear regression line (solid, 

black) and a 95% confidence interval (dotted, black) and were considered significant with a 

P-value ≤0.05. 

 

6.6 Results 

Twenty-one patients receiving aortic resection with or without concomitant aortic valve 

repair were recruited for this study. Table 6.1 characterizes this patient cohort by age, sex, 

aortic valve phenotype, existing comorbidities and medication use. A total of 7 tricuspid 

aortic valve (TAV) and 14 bicuspid aortic valve (BAV) patients were included with mean 

ages of 72±12 years and 57±17 years, respectively. For 6 patients, fewer than 4 quadrants 

were available for ex vivo testing due to specimen size. 
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Table 6.1. Study cohort demographics—patients are distributed by aortic valve phenotype, 

sex and age. Pre-existing comorbidities and chronic medication use are presented. 

Patient 

No. 
Age Sex Ao. Valve 

Max Ao. 

Diameter 

(mm) 

Comorbidities Medication 

1 44 F BAV 36 AS BB 

2 50 F BAV 42 AS   

3 52 F BAV 42 AS, HT ACEI, BB 

4 56 F BAV 42 HT, AS BB 

5 81 F  BAV 68 AS   

6 22 M BAV 75 FH, latent tuberculosis BB 

7 38 M BAV 58 AI ARB, Statin 

8 46 M BAV 36 AS, MI ACEI, BB, CCB, Statin 

9 57 M MECH (BAV) 55 AVR at 22years  ACEI 

10 61 M BAV 45 AI, Hypothyroidism Levothyroxine 

11 69 M BAV 47 AS Statin 

12 72 M BAV 49 AS, MI  

13 76 M BAV 57 AS, AFib, Asthma ARB, CCB, Digoxin 

14 79 M BAV 53 AS, HTN, DM ACEI, Amiodarone 

15 71 F TAV 61 AI, COPD, MI BB 

16 86 F TAV 60 AI, HT ACEI, BB 

17 88 F TAV 55 AI ACI, CCB 

18 57 M TAV 40 AI, OI BB 

19 58 M TAV  53 AI ARB 

20 66 M TAV 50 AS, HTN ARB, CCB 

21 77 M TAV 50 AI, DM, HT ACEI, CCB, Statin 

Comorbidities: AFib=atrial fibrillation, AI=aortic insufficiency, AS=aortic stenosis, AVR=aortic valve 

replacement, COPD=chronic obstructive pulmonary disease, DM=diabetes mellitus, FH=family history, 

HT=hypertension, MI=myocardial infarction, OI=osteogenesis imperfecta 

Medication: ACEI=ACE inhibitor, ARB=angiotensin receptor blocker, BB=beta blocker, CCB=calcium 

channel blocker 
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Regional Ascending Aortic Strain 

Regional TEE strain profiles for each respective patient revealed that strain was not uniform 

around the AA circumference with two different patterns of strain. One pattern consisted of 

tensile strain in all regions. For example, in Patient 18, all regions experienced a temporal 

increase in strain with an increase in blood pressure (i.e., all regions under tension), Figure 

6.3-A. The second pattern consisted of tensile strain in some regions with compressive strain 

in others. In Patient 16, one region (IC) experienced a temporal decrease in strain with an 

increase in blood pressure (i.e., IC is under compression), Figure 6.3-B. Within the 21 patient 

cohort, N=10 (48%) patients exhibited compression of one-or-more regions (NTAV=3/7 & 

NBAV=7/14). Table 2 presents the regional frequency in which compression was observed 

out of a total of 12 observations. 

 

Table 2. Frequency of compression observations categorized by aortic quadrant 

Total IC AL OC PL 

N=12 (100%) N=4 (33.3%) N=3 (25.0%) N=1 (8.33%) N=4 (33.3%) 

 

Regional Ascending Aortic Echo Moduli 

The regional echo moduli reflected the variation in strain around the aortic circumference. A 

2D map of the regional modulus identifies both the tissue behavior (tension=blue, 

compression=red) and the magnitude of stiffness and is presented for the two representative 

patients (Figure 6.3-C&D, respectively). 
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Figure 6.3. TEE-derived in vivo biomechanical profile of two representative patients. A) 

Regional stretch (λCIRC) and blood pressure profile of Patient 18 with uniform tensile wall 

behavior and B) corresponding 2D map of the regional echo modulus (CCSM). C) Regional 

stretch and blood pressure profile of Patient 16 with tissue compression in the IC quadrant 

and D) corresponding 2D map of the regional echo modulus (CCSM). IC-inner curvature, 

AL-anterolateral wall, OC-outer curvature, PL-posterolateral wall. 

 

The echo moduli for each quadrant were subsequently compared with the ex vivo tensile 

energy loss and apparent elastic modulus at 50% strain (stiffness) for the corresponding 
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location. Since the ex vivo data was only captured under tension, those echo-derived moduli 

under compression were excluded from the correlations. The regional CCPM significantly 

correlated with regional ex vivo energy loss (R2=0.2226, P<0.0001) but not ex vivo stiffness 

(R2=0.0420, P=0.1042), Figure 6.4-A&B respectively, for in vivo regions of tension. The 

regional CCSM significantly correlated with both ex vivo energy loss (R2=0.3447, P<0.0001) 

and ex vivo stiffness (R2=0.2022, P=0.0002), Figure 6.4-C&D respectively in regions of in 

vivo tension. Similarly, these comparisons were completed for each of the quadrants and 

presented in Table 6.3.  

 

Table 6.3. Regional correlations of the CCPM and CCSM with ex vivo energy loss and 

stiffness excluding compressive echo moduli. IC-inner curvature, AL-anterolateral wall, OC-

outer curvature, PL-posterolateral wall. Note, P>0.05 (n.s,), P<0.05 (*), P<0.01 (**). 

  IC (N=14) AL (N=17) OC (N=20) PL (N=12) 

  P-Value R2 P-Value R2 P-Value R2 P-Value R2 

CCPM              
vs. Energy Loss n.s. 0.249 * 0.234 * 0.298 n.s. 0.617 

vs. Stiffness n.s. 0.009 n.s. 0.051 n.s. 0.117 n.s. 0.026 

CCSM              
vs. Energy Loss * 0.437 * 0.292 ** 0.388 * 0.416 

vs. Stiffness * 0.350 n.s. 0.139 ** 0.322 n.s. 0.155 
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Figure 6.4. Comparison of TEE-derived regional moduli with regional ex vivo measures of 

energy loss and stiffness by regression analysis. A) Regional ex vivo circumferential energy 

loss and B) regional circumferential stiffness vs. CCPM. C) Ex vivo circumferential energy 

loss and D) circumferential stiffness vs. CCSM. Data points are distinguished by aortic valve 

phenotype: tricuspid aortic valve (●) and bicuspid aortic valve (●). 

 

The maximum difference in region-adjacent moduli (i.e., Max ∆CCPM & Max ∆CCPM) 

were calculated for each patient and compared to the global ex vivo energy loss and stiffness. 

The Max ∆CCPM had a significant, positive correlation with both energy loss (R2=0.3465, 

P=0.0050) and stiffness (R2=0.2862, P=0.0125), Figure 6.5-A&B respectively. Using the 
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circumferential stress-derived echo modulus strengthened the correlations with the Max 

∆CCSM having a very significant, positive correlation with both energy loss (R2=0.4364, 

P=0.0011) and stiffness (R2=0.4101, P=0.0018), Figure 6.5-C&D respectively. 

 

Figure 6.5. Maximum nearest-neighbor regional variability in in vivo modulus as predictors 

of ex vivo mechanical behavior. A) Ex vivo circumferential energy loss and B) stiffness vs. 

Max ∆CCPM. C) Ex vivo circumferential energy loss and D) stiffness vs. Max ∆CCSM. Data 

points are distinguished by aortic valve phenotype: tricuspid aortic valve (●) and bicuspid 

aortic valve (●). 
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Regional Ascending Aortic Thickness and Composition 

Aortic wall thickness was measured for each tissue sample that was analyzed ex vivo. 

Regional wall thickness from each of the 4 quadrants was analyzed for the full study cohort 

and for groups that binned patients according to the surgical criterion of <5.5cm and ≥5.5cm 

maximum AA diameter (Figure 6.6-A). A two-way ANOVA revealed that aortic region 

accounted for ~8.1% of the variance (P<0.01) but patient binning by diameter had no 

statistical significance. A Bonferroni post-hoc test revealed significant differences (P<0.05) 

between the relatively thick IC and PL quadrants in comparison to the ~15% thinner AL and 

OC quadrants for the full patient cohort.  

 

The aortic wall composition was measured by the relative ratio of collagens to elastin (i.e., 

“collagen/elastin”) for each quadrant of the aorta. As with aortic thickness measurements, 

patients from the full cohort were subsequently binned by AA diameter about the surgical 

criteria of 5.5cm (Figure 6.6-B). A two-way ANOVA revealed that aortic diameter 

accounted for ~4.8% of the variance (P<0.05) while the effect of aortic region was 

statistically insignificant. Although a trend of increased collagen/elastin was observed in the 

larger diameter group, a Bonferroni post-hoc test did not demonstrate any significant 

differences within the data. The aortic wall histopathology taken adjacent to the ex vivo 

mechanical testing squares revealed approximate regional uniformity in composition for 

Patients 18 and 16 (Figure 6.6-C&D, respectively).  
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Figure 6.6. A) Two-way ANOVA of regional aortic wall thickness categorized by maximum 

aortic diameter: effect of aortic region (**, P<0.01), effect of diameter categorization (n.s., 

P>0.05). B) Two-way ANOVA of regional collagen/elastin categorized by maximum aortic 

diameter: effect of aortic region (n.s., P>0.05), effect of diameter categorization (*, P<0.05). 

Regional aortic wall histology (Movat’s pentachrome) for C) Patient 18 and D) Patient 16. 

Statistical differences within the datasets were assessed using a Bonferroni post-hoc test (*, 
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P<0.05). IC-inner curvature, AL-anterolateral wall, OC-outer curvature, PL-posterolateral 

wall. 

 

6.7 Discussion 

We have recently shown that global (i.e., circumference-averaged) cycle average moduli can 

be assessed by TEE 2DSE and blood pressure tracing151. Global echo moduli predicted global 

ex vivo stiffness, viscous energy loss and aortic wall histopathology151. Data from this present 

study demonstrates that these trends are conserved when comparing regional echo moduli 

measured at the time of surgery to the regional ex vivo stiffness and energy loss obtained 

from mechanical testing of the resected aorta (Figure 6.4 & Table 6.3). These observations 

are promising since stiffness in the physiological range has been shown to correlate with the 

rupture potential of AA tissue154,150 which helps substantiate the use of mechanical indices 

derived from 2DSE to contribute to patient management. 

 

It is understood that the process that leads to tearing of the aortic wall is a local mechanical 

failure of the tissue. According to Moon et al., roughly two-thirds of the sites of primary 

intimal tearing of the AA or aortic arch occurred along the OC152.  Here, we used 

transesophageal 2DSE and blood pressure tracing to determine the observed echo derived 

moduli of four quadrants around the aortic circumference. We subsequently compared these 

values with ex vivo mechanical indices, obtained from biaxial tensile testing of the resected 

aorta, as well as aortic wall composition of collagens and elastin and its thickness.  
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We observed wall deformation by each region’s cyclic stretch profile and found that in 

certain patients we could observe either tensile stretching (Figure 6.3-A) or compressive 

stretching where one-or-more walls exhibited a temporal decrease in strain while the blood 

pressure was increasing (Figure 6.3-B). With or without compression, regional variation in 

echo-derived moduli was observed (Figure 6.3-C&D, visualized in two representative 

patients using the CCSM). Krishnan et al. have used finite element stress mapping of 

aneurysmal AAs from 4D-MRI to reveal considerable heterogeneity of localized stresses,111 

suggesting that the stress is not shared evenly around the aorta. Furthermore, Karatolios et 

al. have identified significant regional heterogeneity in strain distribution around the 

abdominal aortic circumference using 3D echo131.  

 

Ex vivo mechanical studies have not revealed stark differences in the AA’s mechanical 

properties around the aortic circumference. In an ex vivo study of 12 patients with AA 

aneurysm, Iliopoulos et al. showed that regional variation in ultimate strength and peak 

stiffness was not significant among the four quadrants tested95. Similarly, in a study on non-

dilated donor tissues, Azadani et al. found no difference in AA stiffness between the anterior 

and posterior walls153.  

 

Based on the two echo-derived moduli, two predictive parameters were developed that 

describe the maximum difference between observed echo stiffness in adjacent regions per 

patient: Max ∆CCPM & Max ∆CCSM, respectively. Both the Max ∆CCPM and Max 

∆CCSM significantly correlated with global ex vivo energy loss and stiffness (Figure 6.5). 

This suggests that as the aorta becomes more mechanically dysfunctional, characterized by 
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higher viscous energy loss and stiffness, the magnitude of nearest-neighbor regional 

differences between in vivo moduli are exacerbated.  

 

The CCPM and CCSM from the OC region had the strongest regional correlation with ex 

vivo energy loss and stiffness (Table 6.3) and a trend of increased echo moduli (both CCPM 

and CCSM) in the OC region was observed in patients above surgical criteria (≥5.5cm) 

(Figure 6.S.1-A&B, respectively). Furthermore, compression in the OC region was the least 

frequent, occurring once out of 12 observations (Table 6.2). This suggests that the OC region 

may be the quadrant that is the most mechanically engaged in tension. This may be due in 

part to the hemodynamic profile in the AA. For instance, in patients with bicuspid aortic 

valve, eccentric systolic jet flow has been observed for patients with or without aortic 

stenosis69, 117 with prevalence towards the OC of the aorta118.  

 

Regardless of its origin, a difference in region-adjacent compliance and tissue deformation 

is known to be mechanically unstable. Although data in the aorta is limited, compliance 

mismatch between the parent artery and the coronary bypass graft is known to cause high 

stress at the graft-artery junction leading to hyperplasia155. Similarly, coronary lesion 

instability by intimal tearing occurs as a result of stress concentration at the plaque cap-intima 

junction due to local differences in stiffness156. With respect to this present study, these data 

suggest that a greater regional difference in strain or in turn, echo modulus, would be 

indicative of concentrated stress. 
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We found that the AA wall was thinner along the OC and AL quadrants than on the IC or PL 

wall and that average wall thickness is not different at large AA diameters (Figure 6.6-A), 

which agrees with previously published data53, 55. Due to diminished tensile strength at sites 

of decreased aortic thickness157, the reduced thickness of the wall of the OC may contribute 

to the propensity for dissection at this location. However, we did not observe significant 

changes in regional collagen or elastin content (Figure 6.6-B). This point is highlighted using 

the representative patients from Figure 6.3, with their regional wall histology presented in 

Figure 6.6-C&D. For both patients the histology was uniformly pathological in all 

quadrants, despite Patient 16 (Figure 6.6-D) exhibiting compression of the wall in the IC 

quadrant (*). Notably, studies have shown that there is reduced radial elastic fiber 

orientation158 and moderate extracellular matrix disruption as a result of heightened wall 

shear stress159 in the OC region of the aortic wall is patients with BAV aortopathy. Combined 

with tensile fatigue, these features may weaken the wall, increasing the risk of an acute tear. 

 

2DSE is an emerging modality for identifying the mechanical properties of the aorta, 

providing additive information for surgical decision-making beyond simple size criteria. 

Global echo moduli provide a reliable estimation of the mechanical state of the AA wall, but 

regional wall deformation can identify areas of abnormal stress concertation and focal tissue 

weakness. Using in vivo mechanical criteria as an added dimension to aortic stability may 

prove advantageous as regional differences in in vivo moduli appears to increase as the wall 

becomes more mechanically-impaired.  
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6.8 Limitations 

This work was completed using data from a heterogeneous cohort of patients receiving aortic 

correction surgery. Although this cohort size is comparable to other in vivo studies17, 132, 159 , 

the limited patient numbers restrict group analysis by aortic valve phenotype, which would 

be of value in a larger follow-up study. Second, the measurement of mechanical 

heterogeneity around the aortic circumference was of central importance in this study since 

circumferential strain is largely driven by the aortic blood pressure waveform. However, as 

primary transverse tearing is a predominant characteristic of aortic dissection, mechanical 

heterogeneity in the longitudinal axis may relay pertinent information in the mechanism of 

acute aortic syndrome. 

 

6.9 Conclusion 

We have previously shown that global stiffness moduli accurately describe the mechanical 

properties of the vessel wall as they are measured ex vivo. This study, however, demonstrates 

that considerable heterogeneity in in vivo strain can be seen in certain patients and appears to 

be a feature of a mechanically dysfunctional state. The implication of heterogeneous moduli 

or strain is an uneven stress distribution within the aortic wall. The OC region, in particular, 

is a region of interest due to its relatively thin wall and the fact that it is consistently engaged 

in tensile strain when other walls may not be. We believe that regional differences in 

mechanical behavior and tissue strain could play an important role in acute aortic syndrome. 

However, how this is linked to the aortic hemodynamic environment, the surrounding tissue 

structure or disease of the aortic valve is yet to be determined but may provide useful 
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prognostic information–in additional to global moduli and aortic size–if presented in a larger 

study. 

 

6.10 Supplementary Material 

The following is submitted as supplementary material made available with the article: 

 

 

Figure 6.S.1. Comparison of regional mechanical properties in in vivo and ex vivo methods. 

Two-way ANOVA of regional differences in 2DSE-measured A) CCPM and B) CCSM 

categorized by maximum aortic diameter: effect of aortic region (n.s., P>0.05), effect of 
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diameter categorization (n.s., P>0.05). Two-way ANOVA of regional differences in ex vivo 

measured C) circumferential energy loss and D) circumferential stiffness categorized by 

maximum aortic diameter: effect of aortic region (n.s., P>0.05), effect of diameter 

categorization (E-Loss: ***, P<0.0001; Stiffness: **, P<0.01). Statistical differences within 

the datasets were assessed using a Bonferroni post-hoc test (all comparisons n.s., P>0.05). 

IC-inner curvature, AL-anterolateral wall, OC-outer curvature, PL-posterolateral wall.  
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Chapter 7. Discussion 

The culmination of work in this thesis was presented as two primary manuscripts (Chapters 

5 & 6) with a third short published manuscript presented in Appendix A. The latter is a two-

patient case study on the mechanical properties of aortic tissue in patients with chronic aortic 

dissection. Such cases are clinically rare yet they are invaluable specimens to study 

pathological aortic wall remodelling and the corresponding mechanical changes that arise as 

a result. In the analysis presented in Appendix A, the chronically dissected wall was isolated 

from the intact ascending aorta and each region underwent mechanical testing, histological 

analysis and MMP-2 and MMP-9 expression by gelatin zymography. For each patient, we 

found that the aortic wall was both mechanically and functionally altered in the region of 

chronic dissection, thus highlighting the focal effect disease has on the properties of the aorta. 

 

The central focus of Chapter 5 was to present global in vivo echo-derived stiffness moduli, 

CCPM and CCSM that were calculated from 2D speckle-track strain imaging of the 

transverse ascending aorta and invasive blood pressure tracing from the patient’s radial 

artery. Both moduli were subsequently correlated with ex vivo stiffness and energy loss that 

were measured directly from tensile analysis on resected aorta, and were found to co-vary 

significantly (Figure 5.2). Using CCPM and CCSM, patients with aortic diameters below 

the surgical criteria of ≥5.5cm could be distinguished by abnormal in vivo moduli that were 

indicative of pathological wall remodelling. Notably, this thesis did not investigate whether 

CCPM or CCSM directly related prognostic information on the likelihood of rupture or 

dissection. However, a study by Duprey et al. used ex vivo bulge inflation testing of the 
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ascending aortic wall to reveal that apparent stiffness in the physiological range positively 

correlates with the rupture potential of aortic tissue,154 which further suggests following 

patients with biomechanics-based metrics.  

 

Previous studies have used echo-derived mechanical indices to identify aortic stiffness in 

various disease states (reviewed in Chapter 4); however, to date, no other study has validated 

an echo-based methodology by comparisons to ex vivo mechanical properties. Notably, 

Trabelsi et al. measured in vivo stiffness that was calculated through the pressure-volume 

relation obtained through CT scan and found that it compared to ex vivo stiffness obtained 

through bulge inflation testing150. This provides further incentive to adopt an in vivo 

biomechanics methodology, obtained through medical imaging, to identify aortic disease. 

 

In analyzing the global CCPM and CCSM, it was apparent that considerable regional 

heterogeneity existed in the strain profile around the aortic circumference. Indeed others have 

reported that a feature of aortic aneurysms was an in vivo “dyssynchronous” strain profile 

around the aortic circumference in both the ascending15 and abdominal aorta131. Owing to 

our observations and these reported trends, the manuscript presented in Chapter 6 identified 

the regional in vivo CCPM and CCSM of patients to compare with regional ex vivo 

mechanics, tissue thickness and histology. As they were not submitted with the manuscript, 

the CCSM heat diagrams for the full 21-patient cohort are presented in Figure B.1 (Appendix 

B). A notable finding was the presence of compressive strain that occurred in approximately 

equal frequency in all regions except for the OC region where it was noted in just 1 of 12 

observations. Furthermore, it was found that the OC region had the strongest correlations 
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between in vivo CCPM or CCSM and ex vivo mechanics. For the full study cohort, mean 

tissue thickness was significantly thinner in both the OC and AL regions compared to the IC 

and PL regions but the mean collagen/elastin content was not significantly different at any 

location around the aortic circumference. The combined risk in the OC region associated 

with a relatively thin aortic wall (decreased thickness significantly predicts decreased tissue 

strength157) and consistent tension supports the clinical observation that proximal aortic 

dissections occur most frequently (~67%) in the OC152.  

 

Notably, aortic valve phenotype (i.e., TAV and BAV) was distinguished in the data presented 

in Chapters 5 & 6. Although not reported in the published manuscript, comparisons (student 

t-tests) of global CCPM and CCSM by aortic valve phenotype were made and no significant 

differences were found, Figure B.2. However a trend of increased in vivo moduli (~30% 

increase of the mean) were found in the TAV group compared with the BAV group. Previous 

studies have explored aortopathy and aneurysm as it relates to aortic valve phenotype and 

found that the ascending aortic wall in patients with BAV is exposed to eccentric systolic 

flow as opposed to patients with TAV where the flow is more concentric69, 118. Higher focal 

wall shear stress in the OC region of BAV aortopathy has been found to alter the medial 

ECM which has been characterized by fragmented elastin and increased MMP expression159. 

Furthermore, the aortic wall in patients with BAV has reduced (or genetically impaired66) 

expression of Fibrillin-1, a component of microfibrils that link elastic fibrils with VSMCs8, 

and fewer radially-oriented elastic fibrils in the OC region of the AA158.  
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Similarly aortic CCPM and CCSM were evaluated as a function of aortic valve pathology 

and compared between patients with aortic stenosis (AS) and aortic insufficiency (AI), 

Figure B.1. No significant difference between the means was observed, although, as with 

our analysis by aortic valve phenotype, limited numbers in each group makes a reliable 

comparison difficult. This analysis, however, is worth exploring further in a larger study, as 

aortic valve pathology is known to affect aortic hemodynamics as well as contribute to left 

ventricle remodelling. Untreated AS leads to concentric left ventricle hypertrophy and 

decreased pulse pressure, while AI leads to eccentric left ventricle remodelling and often 

results from dilation of the aortic annulus160. Indeed, there may be an underlying disease 

mechanism that links vessel dilation and AI, as patients with pre-operative AI who receive 

pulmonary valve autograft transplantation into the aortic position (i.e., Ross Procedure) are 

subsequently more likely to develop autograft dilation161. This suggests that both the 

pulmonary and aortic wall in these patients may exhibit an underlying pathology. 

 

In summary, we have developed novel echo-derived markers of in vivo stiffness in the AA 

(CCPM and CCSM) and validated these metrics with ex vivo energy loss, stiffness and 

histopathology. Global CCPM and CCSM accurately predict the overall mechanical 

properties and the degree of pathological remodelling of the aortic wall. Ultimately, this 

methodology was able to identify patients with abnormally large in vivo moduli whose aortic 

diameters were below the surgical threshold. Correspondingly, regional CCSM and CCPM 

relayed the magnitude of circumferential mechanical heterogeneity in the vessel wall that 

was found to increase in those patients where mechanical dysfunction was more pronounced. 

The OC region of the AA was found to be consistently under tension within the patient cohort 
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while being a relative site of decreased wall thickness. A larger prospective study using in 

vivo echo-derived moduli would provide useful information in identifying group differences 

in the mechanical properties of aortic aneurysm (e.g., TAV vs. BAV) while also assessing its 

utility in contributing important prognostic information for patient care. 
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Chapter 8. Original Contributions 

The work presented in this thesis, written as independent manuscripts (Chapters 3, 5, 6 & 

Appendix A), is my contribution to the body of literature of aortic biomechanics. The 

following highlights the original contributions of this thesis: 

 

1. Development of two novel echo-derived moduli (CCPM and CCSM) for the assessment 

of physiological levels of ascending aortic stiffness. Both the CCPM and CCSM were 

calculated from the dynamic, global aortic stain and blood pressure cycles. The 

comparison between the CCPM and CCSM related the effect of using either blood 

pressure or wall stress respectively, when defining an in vivo stiffness modulus. 

 

2. Validation of both the global CCPM and CCSM by their significant correlation with ex 

vivo mechanical properties (energy loss and stiffness) and aortic wall histology (collagen 

and elastin content). Comparisons were made with a common in vivo metric, the stiffness 

index (β), which was less predictive of the ex vivo mechanical properties and histology. 

 

3. Demonstration of the potential to identify at-risk patients who do not meet surgical 

criteria by aortic size by identification of large global echo-derived moduli. Several 

patients were identified by their abnormally high CCPM or CCSM with aortic diameters 

below surgical criteria (≥5.5cm diameter); medial degeneration was confirmed in these 

patients by histology. 
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4. Development of a second set of metrics that relayed the maximum region-adjacent 

heterogeneity per patient, termed the Max ΔCCPM and Max ΔCCSM. These values co-

varied positively with ex vivo energy loss and stiffness, suggesting that these values 

could have implications in identifying dissection-prone dynamic behaviour based on 

regional wall motion.  

 

5. Identification of the mechanical and histopathological properties of the ascending aortic 

wall in regions of chronic type A aortic dissection. This was the first report to present 

the mechanical properties of the region of chronic dissection. 
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Chapter 9. Conclusions 

Aneurysms of the ascending aorta carry a serious risk of death and disability in the event of 

an acute aortic tear. Although treatable with prophylactic surgery, patient qualification for a 

procedural aortic resection uses thresholds based on the aortic diameter that have been shown 

to exclude at-risk patients who could benefit from a life-saving intervention. Ultimately, the 

measurement of the mechanical properties of the aorta can accurately reveal the degeneration 

of mechanical integrity and pathological remodelling of the vessel wall in patients with 

aneurysm. For this thesis we used 2D echocardiography and blood pressure tracing to predict 

tissue stiffness in vivo, thereby contributing to the development of this methodology as a pre-

operative assessment for patient management.  

 

Chapters 5 and 6 presented a novel method by which to calculate in vivo stiffness moduli 

from transesophageal echocardiography (i.e., CCPM and CCSM) by accounting for the full 

dynamic range of the pressure waveform and strain profile. These moduli were measured 

peri-operatively within a cohort of patients receiving elective aortic resection surgery and 

subsequently correlated with the ex vivo mechanical properties (energy loss and stiffness) 

and histopathology (collagen/elastin) of the aortic wall which validated their measurement. 

Furthermore, this work demonstrated the potential for identifying patients who might be 

miscategorised based on an aortic size criterion by identification of abnormal moduli.  

 

Chapter 6 presented an analysis of the regional echo-derived stiffness moduli about the aortic 

circumference. This work identified that regional in vivo echo moduli correlate to the regional 

ex vivo mechanical properties of the aortic wall. However, in the context of commenting on 
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the propensity for the aortic wall to dissect (i.e., an acute tear), we identified that the echo 

moduli heterogeneity correlates with the overall mechanical properties of the vessel wall and 

that, occasionally, compression of the vessel wall within an aortic quadrant was observed. 

This suggested that stresses might become more regionally concentrated as the mechanical 

integrity of the vessel deteriorates, thereby suggesting focal sites of potential tissue failure. 

Aortic wall thickness was highly variable around the aortic circumference but did not change 

significantly between patients with pre-clinical (<5.5cm diameter) and clinical (≥5.5cm 

diameter) aortic dilation. However, the aortic wall histopathology (collagen/elastin) did not 

significantly vary around the circumference but did become more pathological (i.e., increased 

collagen/elastin) in the clinical (≥5.5cm diameter) group. 

 

Appendix A presented an analysis of the mechanical and remodelling properties of the 

ascending aortic wall in two patients with chronic type A aortic dissection.  It was found that 

significant histological remodelling occurred in the dissected medial wall characterized by 

an increase in MMP expression and a considerable degradation of the elastic tissue structure. 

Measurements of energy loss showed an increase in the dissected region compared to the 

non-dissected region and aortic stiffness appeared to coincide with the level of medial 

collagen deposition. 

 

The findings in this thesis support our hypothesis that biomechanical measures of the AA can 

be reliably obtained through echo-based techniques. The speckle tracking derived metrics 

correlate with ex vivo tissue mechanical properties and histopathology.  These results indicate 
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that a large scale multi-institutional prospective trial of the global and regional CCPM and 

CCSM should be conducted to determine if they can improve patient outcomes. 
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Chapter 10. Future Work 

The following are recommendations for the continuation of this study based on personal 

experience from the project as well as through feedback from clinicians on the topic of 

practical implementation of these measures: 

 

1. Testing of TTE of the aortic long axis to identify if the CCPM and CCSM can be 

measured accurately using this modality and correlate with ex vivo tensile mechanics. 

Although TEE has advantages in image quality and access to additional planes of view 

(i.e., short axis of AA), it requires patient sedation and is therefore unlikely to be used 

for high-throughput patient screening. TTE is measured externally and therefore requires 

no medications or convalescence from the procedure. 

 

2. In this thesis, blood pressure tracing had been measured through an invasive catheter in 

the radial artery. To make the measurement completely non-invasive, a method should 

be developed that infers the blood pressure from a benign measurement. Several ideas 

exist, for instance, i) using an oxygen saturation monitor worn on the patient’s index 

finger or, ii) back-calculating the aortic pressure waveform from spectral Doppler flow 

imaging through the aorta using TTE. We believe that the latter could be done using a 

Fourier Transform and Womersely-type analysis that relates pressure and flow in a 

closed pulsatile flow system. Furthermore, this would have a secondary benefit of 

measuring the pressure waveform directly at the site of the strain measurements. 
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3. A large-scale prospective study is needed to identify if mechanical markers, including 

the CCPM and CCSM, predict clinical outcomes. To achieve adequate patient numbers 

(~200), this would require a multi-centre collaboration that includes pre-surgical patient 

monitoring using echo and, for those receiving corrective surgery, pre-operative echo 

followed by ex vivo mechanical testing and histopathology on resected specimens.   
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Appendix A: Histopathological and biomechanical 

properties of the aortic wall in 2 patients with chronic type 

A aortic dissection  

 

A.1 Preface 

This appendix is a published manuscript in Cardiovascular Pathology (2017). Although 

studies have identified the mechanical and structural changes in the aorta in states of disease 

(e.g., aneurysm), there is still a paucity of data that directly links pathological vessel 

remodelling to impaired mechanical function. Chronic aortic dissection is a rare occurrence 

but serves as a fascinating model of aortic disease. Namely, dissection is a focal phenomenon; 

therefore, the dissected wall properties can be compared to an adjacent non-dissected region 

that serves as an internal control.  

 

This article was the first report of its kind that identified the remodelling process in the region 

of chronic aortic dissection by histology, expression of MMPs (-2 and -9) and the ex vivo 

mechanical properties of the vessel wall. It was found that histological remodelling occurred 

in the dissected medial wall characterized by an increase in MMP expression and degradation 

of the elastic tissue structure. Heterogeneous mechanical properties were measured between 

the dissected and non-dissected regions and corresponded to the local tissue histology. 

Ultimately, this article serves to further validate that adverse tissue remodelling leads to a 

mechanically impaired aortic wall. Furthermore, this case study identifies characteristics of 
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pathological medial remodelling that is uniquely focal, which provides insight in interpreting 

regional tissue behaviour by echo (Chapter 6). 
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A.3 Abstract 

Type A aortic dissection is an acute condition that requires urgent surgical intervention. 

However, in a subset of patients, aortic dissections go undiagnosed and become chronic, 

thereby allowing the dissected wall to undergo a distinct remodelling process from that of 

the surrounding intact wall. Here, we observe the biomechanical and histological changes in 

the aortic wall of two patients with chronic Type A aortic dissection. Partial or complete 

disruption of the elastic structure of the medial layer was observed in the dissected wall of 

both patients; however, aortic stiffness in the region of dissection covaried with a change in 

collagen content. A ~50% increase in viscous energy loss was observed in the region of 

dissection of both patients which suggests an impaired elastic recoil and Windkessel function 

of the proximal aorta. MMP expression (2 and 9) differed between the dissected and intact 

wall and was distinct between the two patients. Our observations suggest that an active 

remodelling process occurs in the dissected aortic wall resulting in a vastly different 

biomechanical behavior. 
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A.4 Introduction 

Thoracic aortic aneurysms (TAAs) are associated with an increased risk of acute aortic 

events, especially in patients with familial forms of TAAs. Acute type A aortic dissection 

represents a life-threatening condition requiring emergency surgical intervention to remove 

the primary intimal entry tear. In a subset of patients, the dissection goes unnoticed and 

becomes chronic. Though there is a growing understanding of the pathology and mechanical 

properties of aneurysmal aortic walls 37, 141, little is known about the characteristics of 

chronically dissected aortic walls. Moreover, although a few studies have reported the 

expression of matrix metalloproteinases (MMPs) in cases of chronic aortic dissection 162, 163, 

no study has reported the disparate mechanical properties of the chronically-dissected wall. 

Herein, we present two cases of patients with familial TAA who presented with a chronic 

dissection of the proximal thoracic aorta. Independent of surgical correction of the dissection, 

both cases qualified for aortic resection based on a diameter criterion of ≥5.5 cm 138. For each 

case, tissue samples from the intact aneurysmal wall and the chronically dissected wall were 

harvested and analyzed for both histological and biomechanical properties.  

 

A.5 Case Description and Findings 

Case 1: A 35 year-old male with no known medical history presented for routine screening 

because of a family history of TAA and dissection. Echocardiographic examination showed 

a tricuspid aortic valve (TAV) and an 8 cm aortic root with ascending aortic aneurysm. He 

successfully underwent aortic valve-sparing surgery and had an uneventful postoperative 

course. At the time of surgery, a large chronic dissection (Stanford Type A) located 

posteriorly, distal to the sinotubular junction, was discovered and tissue samples from both 
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the chronically dissected aortic wall and the intact aneurysmal wall were obtained and 

analyzed.  

 

Case 2: A 37 year-old male with Marfan syndrome who had previously been lost to follow-

up, was referred for surgical management of an aortic root and ascending aortic aneurysm.  

CT and Echocardiographic examination showed a bicuspid aortic valve (BAV) and an 8.0 

cm aortic root with concomitant ascending aortic aneurysm and dissection (Stanford Type 

A) located on the anterior wall, distal to the sinotubular junction (Figure A.S.1). The absence 

of pericardial or pleural effusion reflect the chronic state of the aneurysm, which was further 

confirmed on surgical examination. The patient underwent an aortic valve-sparing operation 

with replacement of the ascending aorta and hemiarch. The postoperative course was 

uneventful and the patient was discharged home on day 6.  

 

Histopathological Characteristics and MMP Expression 

Histological analysis of the non-dissected aneurysmal aortic tissues (Figure A.1-A&C) 

revealed an intact wall structure, containing continuous intimal and medial layers.  Within 

the media, a mostly contiguous network of elastic fibers and smooth muscle cells (SMCs) 

was evident with some elastic fiber fragmentation and collapsed lamellae. Some 

mucopolysaccharide deposition on the medial side of the internal elastic lamina was also 

evident.  Case 2 had less SMCs and more collagen than Case 1.  In contrast, the dissected 

aortic wall presented with either partial (Case 1) or total depletion (Case 2) of the elastic 

structure of the tissue (Figure A.1-B&D). Increased collagen staining was observed in the 

regions of elastic fibre disruption in Case 1 (Figure A.1-B) with considerable 
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mucopolysaccharide deposition in Case 2 (Figure A.1-D). For comparison, aortic tissue 

obtained from a non-aneurysmal transplant donor was stained with Movat’s pentachrome 

which revealed full intact elastic lamellae (Figure A.S.2-A)  

 

Figure A.1. Ascending aortic tissue composition and structure in 2 cases of chronic 

dissection using Movat pentachrome staining shows: A&C) undisrupted elastic lamellae 

(black fibres) with alternating layers of SMCs (red) in the non-dissected regions of the 
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aneurysms in Case 1 and 2 respectively but, B&D) a disrupted matrix on the luminal side of 

the dissected region in Case 1 and 2, respectively. *Disrupted elastic fibres; †Increased 

mucopolysaccharide deposition. Scale bar is 100 μm. 

 

Gelatin zymography of homogenized whole-tissue lysate of the tunica media revealed a 

differential pattern of expression between the two cases (Figure A.2). Using the method and 

reagents described by Toth & Fridman 164, 5 μg lystate per well were run on a 0.1% gelatin 

(w/v) SDS-PAGE gel and incubated for 18 hrs at 37°C, followed by Coomassie staining. For 

Case 1, there was a stark increase in both latent and mature MMP-9 while MMP-2 decreased 

in the region of dissection. While, for Case 2, no MMP-9 was detected in the tissue and an 

increase in latent MMP-2 was observed in the region of dissection (no mature band was 

detected). Aortic tissue was processed and analyzed by zymography for the aforementioned 

transplant donor (Figure A.S.2-B).  
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Figure A.2. MMP-2 and -9 expression by gelatin zymography in 2 cases of chronic 

dissection. Images are inverted to show dark bands corresponding to MMP activity. All lanes 

contained 5 μg/well of tissue lysate as determined by a bicinchoninic assay. D-dissected 

aneurysmal wall; A-aneurysmal wall. 

 

Biomechanical Properties  

From the excised aortic tissues, 1.5x1.5cm2 samples were obtained from the aneurysmal and 

dissected regions of the tissue (Figure A.3-A&B) and then stretched bi-axially (Figure A.3-

C) to determine aortic stiffness and viscous energy loss. For both cases, 5 ex vivo thickness 

measurements per region were taken with a constant force digital micrometer (Mitutoyo 

Litematic VL-50A, Mitutoyo, Japan), and the values are expressed as the MEAN±STDEV. 

For Case 1, the mean thickness of the aneurysmal wall was larger than that of the dissected 
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wall (2.17±0.25mm versus 1.82±0.25mm, respectively). However, for Case 2, the mean 

thickness of the intact aneurysmal wall was smaller than that of the dissected wall 

(2.36±0.13mm versus 3.00±0.40mm, respectively). The mechanical properties of the tissues 

were determined by equibiaxial testing (EnduraTEC ELF 3200, Bose, MN) and the stress-

strain relation (Figure A.3-D) was analyzed to determine aortic stiffness by incremental 

modulus of elasticity (i.e., the slope of the stress-strain curve at a defined strain) and viscous 

energy loss, where an increase in the latter may suggest an impaired Windkessel function due 

to a loss of elastic recoil energy 94. Notably, the tissue specimens used for biomechanical 

testing contained no intraluminal thrombus. 
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Figure A.3. Ex vivo mechanical testing of the resected aneurysm. A&B) Image of the 

resected aneurysms containing dissections: I) non-dissected aneurysmal testing region and 

II) chronically dissected testing region for Case 1 and 2, respectively. C) A graphic of the 

biaxial testing orientation. D) The resultant stress-strain relation in the circumferential axis 

for both the non-dissected and dissected regions. E) Incremental modulus (i.e., stiffness) at 

7.5, 25, 40 and 50% strain in the circumferential direction. F) Regional viscous energy loss 
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(average of the circumferential and longitudinal axes) is increased in the region of dissection. 

Error bars are SEM from 3 stretching cycles. A-aneurysm; D-dissected aneurysm. 

 

For Case 1, biomechanical analysis revealed marked tissue stiffening between physiological 

and supra-physiological strain values (25-50%) in the dissected region when compared to the 

aneurysmal tissue (Figure A.3-E). However, at sub-physiological strain (7.5%) there was 

greater tissue compliance (lower incremental modulus of elasticity) in the region of 

dissection compared to the intact aorta. In Case 2, the region of dissection was less stiff than 

the parent aneurysm at all reported strains below 50%. Finally, for each case, viscous energy 

loss (averaged for both axes) was increased by approximately 50% in the dissected tissue 

over the aneurysmal tissue, while the latter is similar in magnitude to the energy loss of non-

pathological transplant donor tissue (Figure A.3-F). 

 

A.6 Discussion 

These cases document the histological and biomechanical properties of aortic wall 

remodelling following aneurysmal dilatation and chronic dissection. To our knowledge, this 

is the first report examining the biomechanical properties of chronically dissected ascending 

aortas with local comparisons of histology and MMP expression. Our findings suggest that 

intimal disruption followed by chronic medial remodelling results in regional tissue changes 

compared to the aneurysmal aorta. Altered MMP expression, which may serve to degrade 

matrix proteins or activate latent TGF-β 165, 166, a potent cytokine that can alter SMC function, 

suggests an altered state of reorganization of the aortic wall in the region of chronic 

dissection. With only two cases it is difficult to conclude any global trends from our MMP 
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data, however, the results do agree with the pattern reported by Lemaire et al., who implicated 

MMP-9 in tissue remodelling associated in patients with degenerative aneurysm with TAV 

(e.g., Case 1) while MMP-2 was implicated in aortic wall remodelling associated with BAV 

(e.g., Case 2) 73.  

 

Indeed, increased collagen deposition in the media, along with increased elastin 

fragmentation, and SMC disarray, result in increased tissue stiffness at higher strain levels, 

Figure 3. This was confirmed with Masson’s trichrome staining of 7 μm sections (not shown) 

which revealed a ~55% increase (Case 1) and ~10% decrease (Case 2) in medial collagens 

in the regions of dissection when compared to the intact aneurysm (Figure A.S.3). This 

change in collagen content co-varied with stiffness between regions. 

 

Increased wall stiffness has been associated with higher risk of aortic rupture 141, suggesting 

that the chronically dissected aortic wall represents the most vulnerable portion of the aorta. 

Indeed, regional variations in wall stiffness can result in a concentration of stress, thereby 

creating a potential area of focal weakness at the interface between these boundaries 155. 

Furthermore, the observed increase in energy loss in the regions of dissection covaries with 

elastic fibre fragmentation and a disorganized tissue structure which may impair the healthy 

elastic recoil function of the aorta. In Case 2, the significant mucopolysaccharide deposition, 

which is associated with high water content, most likely contributes to this viscous behaviour. 

 

The only partial depletion of elastic fibres in the dissected aortic media and increased MMP 

expression (both latent and mature) in Case 1 may indicate that this patient was operated 
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closer to the time of initial intimal tear. However, with different underlying pathologies 

unique to each of the 2 patients, no formal conclusion in the time between dissection and 

surgery can be drawn. Furthermore, prior to surgery, both patients took a beta-blocker to 

control blood pressure (Case 1: 50 mg/day Metoprolol; Case 2: 100 mg/day Labetolol). Beta-

blockers have been reported to decrease the rate of aortic dilation in patients with MFS 167 

and may have a modest influence on the biomechanical properties of the aorta 168.  

 

In conclusion, these cases illustrate the chronic changes that occur in the aortic wall following 

an acute type A aortic dissection. Whether these changes represent an acute tissue 

remodelling or more chronic pathological adaptation remains to be determined through 

additional studies of aortic tissues. 

 

A.7 Supplementary Materials 

The following appeared as supplementary material made available with the published article: 
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Figure A.S.1. Pre-operative imaging of the aortic root/dissection for Case 2: A) Short-axis 

CT image of the aortic root containing the dissection (TL-True Lumen; FL-False Lumen). 

B) Long-axis echo image of the aortic root and ascending aorta containing the intimal flap. 

Note: no suitable pre-operative images of the dissection were available for Case 1. 
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Figure A.S.2. Transplant donor A) tissue histology by Movat pentochrome and B) MMP 

expression by gelatin zymography. Scale bar is 100μm. 
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Figure A.S.3. Ascending aortic collagen quantification in 2 cases of chronic dissection using 

Masson’s trichrome staining. Collagens are stained in blue and their relative fraction 

occupying the field of view was quantified using ImageJ™. Case 1 – aneurysm (A) and 

dissected aneurysm (B); Case 2 – aneurysm (C) and dissected aneurysm (D). CF=collagen 

fraction of field-of-view by ImageJ™. 
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Appendix B: Supplemental Figures 

 

 

 

Figure B.1-A.  Regional CCSM heat diagrams, Patients 1-4. IC – inner curvature; AL – 

anterolateral wall; OC – outer curvature; PL – posterolateral wall. 
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Figure B.1-B.  Regional CCSM heat diagrams, Patients 5-8. IC – inner curvature; AL – 

anterolateral wall; OC – outer curvature; PL – posterolateral wall. 
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Figure B.1-C.  Regional CCSM heat diagrams, Patients 9-12. IC – inner curvature; AL – 

anterolateral wall; OC – outer curvature; PL – posterolateral wall. 
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Figure B.1-D.  Regional CCSM heat diagrams, Patients 13-16. IC – inner curvature; AL – 

anterolateral wall; OC – outer curvature; PL – posterolateral wall. 
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Figure B.1-E.  Regional CCSM heat diagrams, Patients 17-20. IC – inner curvature; AL – 

anterolateral wall; OC – outer curvature; PL – posterolateral wall. 
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Figure B.1-F.  Regional CCSM heat diagrams, Patient 21. IC – inner curvature; AL – 

anterolateral wall; OC – outer curvature; PL – posterolateral wall. 
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Figure B.2. CCPM and CCSM by aortic valve morphology (BAV/TAV) and aortic valve 

pathology (AS/AI). TAV (red) – tricuspid aortic valve; BAV (blue) – bicuspid aortic valve; 

AS (solid black) – aortic stenosis; AI (black outline) – aortic insufficiency. 
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