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Abstract 

 

It is not well understood which ascending aortas will develop complications. Biomechanics may 

provide insights beyond the consideration of size alone, and improve risk prediction. Energy loss 

is a biomechanical parameter describing the relative amount of energy absorbed by the aorta 

during the cardiac cycle. We aim to correlate energy loss with ascending aortic aneurysm size 

and histopathology to elucidate the pathophysiology of aneurysm complications. 

Aneurysmal ascending aortic specimens were obtained during surgery. Controls were obtained 

from autopsy and organ donors. Biaxial tensile tests were performed on the four quadrants of the 

aortic ring. Energy loss was calculated using the integral of the stress-strain curve during loading 

and unloading. It was compared to size and the traditional biomechanical parameter, stiffness 

(apparent modulus of elasticity). Elastin, collagen and mucopolysaccharide content was 

quantified using Movat pentachrome staining of histology slides.  

Forty-one aortas were collected (34 aneurysmal, 7 control). Aneurysms exhibited increased 

stiffness (p<0.0001) and energy loss (p<0.0001) compared to control. Energy loss correlated 

significantly with aortic size (p<0.0001, r
2
=0.60). A hinge point was noted at a diameter of 

5.5cm, after which energy loss rose rapidly. The relationship between energy loss and size 

became strongly linear once size was indexed to body surface area (p<0.0001, r
2
=0.78). Energy 

loss correlated with histopathology, especially the collagen to elastin ratio (p=0.0002, r
2
=0.49). 

High energy loss distinguished patients with pathological histology from others of similar 

diameters. 
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As ascending aortas dilate, they exhibit greater energy loss, rapidly rising after 5.5cm. This 

mirrors the rise in complications at this size. Energy loss correlates with imbalances in elastin 

and collagen composition, suggesting a measurable link between histopathology and mechanical 

function.   
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Résumé 

 

 

Il n'est pas bien compris quel type d'anévrisme de l'aorte ascendant entraîne les complications. La 

biomécanique pourrait nous offrir des données pour prédire les risque; et de ne pas se fier 

seulement sur la grandeur de l'anévrisme. La perte d’énergie mécanique représente la quantité 

relative de l’énergie absorbée par l’aorte au cours du cycle cardiaque. Nous avons ainsi cherché à 

en étudier la corrélation avec l’anévrisme de l’aorte ascendante et l’histopathologie, afin de 

déterminer la pathophysiologie des complications liées à cette dilatation artérielle. 

Les échantillons sont obtenus suite à des opérations chirurgicales sur des patients et les témoins 

proviennent d’autopsies ou de dons d’organes. Des essais de traction biaxiale sont réalisés au 

niveau des quatre quadrants de l’anneau aortique, permettant ainsi de calculer la perte d’énergie 

à travers l’intégrale de la courbe de contrainte-déformation, lors du chargement et déchargement 

de l’échantillon. Un travail de comparaison est ensuite effectué en tenant compte de la taille et de 

la rigidité du tissu via son module d’élasticité apparent, un élément prépondérant dans le 

domaine de la biomécanique. L’élastine, le collagène et la mucopolysaccharide, quant à eux, sont 

quantifiées par la technique de « pentachrome de Movat » sur des lames d’histologie. 

Quarante-et-une aortes sont analysées (trente-quatre cas d’anévrismes et sept témoins) et des 

augmentations de rigidité (p<0.0001), ainsi que de perte d’énergie (p<0.0001) sont 

constatées. La perte d’énergie a une corrélation significative avec le diamètre de l’aorte 

(p<0.0001, r2=0.60). Or, lorsque ce dernier est supérieur à 5.5cm, la perte d’énergie augmente 

rapidement. Elle présente également une relation linéaire pour une taille de l’aorte indexée à l’air 

de sa surface (p<0.0001, r2=0.78). Enfin, la perte d’énergie corrèle avec l’histopathologie, en 

particulier avec le rapport entre le collagène et l’élastine (p=0.0002, r2=0.49). 
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Les variations de pertes d’énergie permettent de distinguer des patients aux histologies 

pathologiques à d’autres personnes saines pouvant présenter des diamètres de mêmes 

dimensions. Lors de la dilatation de l’aorte ascendante, la perte d’énergie est également plus 

importante pour des diamètres supérieurs à 5.5cm, démontrant ainsi la complexité du 

comportement de cette artère en fonction de ses dimensions. Pour finir, la perte d’énergie corrèle 

avec les répartitions uniformes d’élastine et de collagène, ce qui pourrait amener à une relation 

impliquant l’histopathologie et la biomécanique du tissu. 
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1. Introduction 

Patients with aneurysms of the ascending aorta are at risk of suffering catastrophic complications 

of dissection and rupture; elective replacement of the ascending aorta is sometimes 

recommended. However, the choice of whom to operate on is complex. Currently, aortic 

diameter is the main criteria for intervention despite known limitations. We developed a 

biomechanical parameter that described the relative amount of energy released by the aorta 

during unloading versus the amount of energy stored by the aorta during loading, and we called 

this parameter 'energy loss'.  

In a first step towards validating energy loss as a clinically relevant biomechanical risk factor for 

aneurysmal aortas, we aim to characterize the energy loss of human ascending aortic tissue ex-

vivo. We hypothesized the following: 

1) Aneurysmal aortas demonstrate greater energy loss as compared to control. 

2) Energy loss is associated with aortic size, and in fact is more closely related to size than the 

apparent modulus of elasticity. 

3) The structural compositional changes in aneurysmal aortic walls are associated with increased 

energy loss. 

4)  Energy loss can be used to identify aortas with pathological histological changes. 
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2. Literature Review 

2.1 The Ascending Aorta 

The aorta is the main artery of the human body, acting as the conduit that transmits the left 

ventricle's cardiac output to peripheral vessels and the rest of the body. As blood passes the 

aortic valve, the first structure met is the aortic root which ends at the sinotubular junction. The 

aortic root comprises of three sinuses of Valsalva and provides the origin for the left and right 

coronary arteries. The ascending aorta follows the sinotubular junction, and under normal 

circumstances, it is the largest and most elastic portion of the aorta as well.
1
 Its mechanical 

properties allow it to function in a dynamic pulsatile environment. During systole as the heart 

ejects, the aortic wall is able to absorb up to 50% of the cardiac output.
1
 Subsequently during 

diastole, while the aortic valve is closed, the aortic wall recoils and delivers blood flow down the 

coronary arteries and maintains flow to the body. This capacitor function of the aorta is termed 

the Windkessel function and is performed by the aorta 60-100 times a minute for the length of a 

person life. 

The normal aorta is structured to handle this enormous stress and strain. It is comprised of 

endothelial cells, elastin, collagen and smooth muscle cells. These elements are arranged in three 

layers: the intima, media and adventitia. Elastin and collagen are the most important contributors 

from a mechanical perspective, especially in the media layer. Elastic fibres are able to elongate 

100% of their original length and then return to their original length.
2
 Collagen has a modulus of 

elasticity of over 500 MPa, 1000 times greater than elastic fibre which has a modulus of 

elasticity of 0.6 MPa.
3
 Thus, collagen is an important contributor to stiffness. By dry weight, the 

thoracic aorta is composed of 22-33% elastin and 18-31% collagen.
4
 Smooth muscle cells only 
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contribute meaningfully to the tensile properties of the aorta when contracting. We have 

previously shown that in healthy pig ascending aortic tissue, maximal SMC activation with 

phenylephrine does effect the stiffness of the tissue, however the contribution is limited at 

physiological strains to less than 10% of stiffness increase.
5
 

This complex multi-component material is well-described to have several signature 

characteristics. Firstly, it exhibits a highly non-linear stress-strain relationship.
2
 As strain 

increases, significant strain-hardening occurs resulting in greater modulus of elasticity. The 

apparent modulus of elasticity can be used to characterize aortas, and it widely varies depending 

entirely on the point at which measurements are made. The apparent modulus of elasticity is the 

biomechanical parameter most commonly estimated by clinicians to correlate to disease.
6
 

Secondly, components of aortic tissue also layer with directionality, therefore creating 

anisotropy.
7
 In other words, any biomechanical parameter must be described in terms of whether 

measurements were performed in the axial or circumferential direction. 

An additional signature characteristic of aortic tissue is its viscoelastic nature. Aortic tissue 

demonstrates hysteresis, with the unloading curve following a different path from the original 

loading curve. The area under the curves represented energy stored during loading and released 

during unloading. The most comprehensive model for describing aortic biomechanics is the 

strain energy density function (W).
2
 W can be expressed as a polynomial from which stress-

strain relationships can be derived. Yet, W usually only describes either the loading or unloading 

curve.  

Quantifying the viscoelastic nature of aortic tissue may be key to understanding how and when it 

fails. Fatigue describes progressive weakening of any material undergoing cyclical loading 
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through accumulation and expansion of microscopic cracks and defects, leading to eventual 

failure.
8
 Aortic tissue is also a material undergoing cyclical loading and in the diseased state, 

forms aneurysms that fail through dissection or rupture. Creation and expansion of any defects in 

aortic tissue requires energy driven by the intrinsic viscous effects of the wall. Fatigue is a 

difficult concept to model in dynamic, healing, growing living tissue, but quantifying hysteresis 

is simple, and represents an underexplored concept in aortic biomechanics. 

 

2.2 Aneurysms of the ascending aorta 

Aneurysms are defined as a dilation of the vessel by at least 50%.
9
 The incidence of aneurysms 

of the ascending aorta is estimated to be 10.4 cases per 100,000 person-years, and this number 

appears to be rising with improved detection techniques and the aging population.
10

 The 

prevailing hypothesis is that this dilation is as a result of medial degeneration, a process 

accelerated by genetic traits, hypertension and likely many unknown factors.
11

 Medial 

degeneration is characterized by elastic fiber fragmentation, loss of smooth muscle cells, and 

collagen and mucopolysaccharide deposition.
9
 This leads to mechanical weakness and failure, 

specifically in the form of aortic dissection and rupture. Dissection and rupture is estimated to 

cause 30,000 to 60,000 deaths per year in the United States.
12

 

The catastrophic complications associated with aneurysms of the ascending aorta are preventable 

with elective surgery. However, identifying appropriate patients for surgery can be challenging. 

Present guidelines are based predominantly on size alone and on low levels of evidence.
9
 A 

recent study found wide variations across Canada in what surgeons believe to be appropriate size 

criteria for bicuspid aortopathy.
13

 Studies modelling pre-dissection aortic size reveal most 
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patients who have suffered aortic dissection would not have been offered surgery based on 

guidelines.
14

 Finally, the International Registry of Aortic Dissection also confirmed that size is a 

poor predictor of aortic dissection.
15

 Given the mechanical endpoints of aortic dissection and 

rupture, measuring and understanding biomechanical changes associated with aneurysms is 

fundamental to identifying at-risk aortas. Biomechanical metrics may provide a more precise 

prediction model and optimize surgical selection. 

The most commonly explored biomechanical metric is stiffness, quantified using the apparent 

modulus of elasticity or distensibility. Arterial distensibility has been linked to multiple disorders 

including diabetes and essential hypertension.
16, 17

 In a small series, Lang et al. demonstrated the 

feasibility of measuring the modulus of elasticity of the descending aorta using transesophageal 

echocardiography.
18

 An automatic border detection algorithm was used to calculate the radius, 

and M-mode was used to calculate aortic thickness while subclavian pulse wave tracing was used 

to generate instantaneous blood pressure tracing. The following equations were then used to 

calculate the incremental modulus of elasticity (σ = stress, P = pressure, Einc = incremental 

modulus of elasticity, Ri = instantaneous inner radius, Ro = instantaneous outer radius, Rm = 

instantaneous midwall radius). 

            
           

     
 

 

    
       

     
  

 

                  
   

  

Echocardiography measurements of the modulus of elasticity have evolved to use tissue doppler 

and velocity vector imaging.
19, 20

 Other imaging modalities, specifically computed tomography 
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and magnetic resonance imaging have also been shown to be feasible for in vivo measurements 

of aortic stiffness.
21, 22

 

Some investigators have used the ultimate tensile strength (UTS) as a surrogate marker for 

susceptibility for aortic rupture. Vorp et al., in a small series, subjected ex-vivo human ascending 

aortas to uniaxial tensile testing until failure.
23

 The group found aneurysmal tissue to be 30% 

weaker than non-aneurysmal tissue. But whether extreme hypertension is the main mechanism of 

complications in aneurysmal aortas is debatable and this parameter requires ex-vivo 

measurements.  

The Opening Angle (OA) is a measurement of circumferential residual stress. It is obtained by 

making a single radial cut on a ring of aorta. The aorta then tends to open up and the greater the 

angle of opening, the greater the amount of residual stress. Okamoto et al. found OA's to be 

higher in older patients but do not affect wall-averaged circumferential stress.
24

 It is a property 

hindered by inherent measurement difficulties, questionable clinical relevance and in vivo 

translation. 

After review of available literature, we identified two gaps in the available biomechanical 

metrics. Firstly, current metrics identify a specific point in the cardiac cycle, rather than use data 

derived from a full range of stresses. Secondly, current metrics do not address the pulsatility of 

aortic blood flow; the active diastolic, unloading phase of the cardiac cycle is disregarded. This 

phase is, however, paramount to the Windkessel function of the aorta as described previously. 

Therefore, we introduce a novel biomechanical parameter, 'energy loss', that integrates data 

across a full range of stresses producing a more stable metric, and one that compares both the 

loading and unloading phase of the cardiac cycle.  
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3. Article: Journal of Thoracic and Cardiovascular Surgery 2014; 148(3):1082-1089. 

 

Preface 

As described in the introduction, we identified gaps in the current metrics used for describing the 

biomechanics of the ascending aorta. We then developed a novel metric that does not arbitrary 

choose one point in the cardiac cycle, and one that compares the unloading curve to the loading 

curve in stress-strain relationships. Our systematic protocol to collect tissues from patients at the 

time of surgery has resulted in one of the largest series for this type of research. The importance 

of this study was recognized by a second place award in the American Association for Thoracic 

Surgery Resident Poster Competition 2013. This study was also a finalist for the C. Walt Lillehei 

Resident Forum at the American Association for Thoracic Surgery meeting in 2014. We selected 

the Journal of Thoracic and Cardiovascular Surgery to submit our work to as it is the journal of 

our surgical association and the most important journal in the field of cardiothoracic surgery. The 

following article has now been published and we hope that our message will reach clinicians and 

prompt more research. 
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3.1 Introduction 

The catastrophic complications associated with aneurysms of the ascending aorta are preventable 

with elective surgery. However, identifying patients for surgery can be challenging. Present 

guidelines are based predominantly on size alone and on low levels of evidence.
9
 A recent study 

found wide variations across Canada in what surgeons believe to be appropriate size criteria for 

bicuspid aortopathy.
13

 Given the mechanical endpoints of aortic dissection and rupture, 

measuring and understanding biomechanical changes associated with aneurysms is fundamental 

to identifying at-risk aortas. Biomechanical metrics may provide a more precise prediction model 

and optimize surgical selection. 

Currently, size is used as a surrogate biomechanical metric. Unfortunately, small aortas can 

experience complications while large aortas can remain stable. The IRAD database revealed 

aortic size to be a poor predictor of dissection.
15

 Size fails to describe the quality of the aortic 

wall. To this end, many have quantified aortic stiffness using the apparent modulus of elasticity 

extracted from ex-vivo mechanical testing or estimated from in-vivo imaging.
25-27

 Aneurysmal 

tissue is stiffer than normal aortas.
25,28

 However, increased stiffness alone fails to explain why 

aneurysms have a propensity for complications rather than greater resilience. Moreover, the non-

linear material properties of the aorta make the apparent modulus dependent on the level and rate 

of strain experienced by the aorta. Ultimate tensile strength usually exceeds physiological limits 

and is only measureable ex-vivo.
29,30

 

We examined the biomechanical parameter energy loss, defined as hysteresis normalized to total 

stored energy, and its relationship to aortic size and histopathology. This parameter draws from 

the Windkessel function of the ascending aorta, which is to expand and act as a capacitor during 
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systole and to recoil and return the stored energy to the circulation during diastole. Greater 

energy loss represents greater inefficiency in performing this function and greater energy 

dissipated into the aortic wall. This could lead to eventual aortic remodeling and failure. Unlike 

the discrete nature of the apparent modulus of elasticity, which uses an arbitrary point for 

measurement, the energy loss parameter integrates the stress-strain relationship of the tissue over 

the entire cycle making it a more stable metric.  

In a first step towards validating a clinically measurable biomechanical risk factor for 

aneurysmal aortas, we have measured the energy loss and apparent modulus of ascending aortic 

tissue ex-vivo. We hypothesized that energy loss is linked to aortic size, that the structural 

compositional changes in aneurysmal aortic walls are associated with increased energy loss, and 

that energy loss can be used to identify aortas with pathological histological changes. 

3.2 Patients and Methods 

Excised aneurysmal ascending aortic tissue was obtained at the time of surgery from July 2012 

to May 2013 at McGill University Health Centre and Montreal Heart Institute. Control ascending 

aortic tissue was obtained from heart transplant donors and autopsy patients without heart or 

aortic disease. Research ethics board approval was obtained at both hospitals. 

3.2.1 Biaxial tensile testing 

Testing was done within 24 hours of tissue collection and specimens were kept on ice until 

testing was completed. All samples were collected as intact rings with orientation marked by a 

single clip. Four 1.5 cm by 1.5 cm squares were collected along the belly of the aneurysm. Each 

square underwent uni- and equibiaxial tensile testing at 37 °C in a Ringers Lactate solution to a 

maximum of 60% strain (EnduraTEC ELF 3200, Bose Co., Framingham, USA). We have 
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previously shown that in healthy pig ascending aortic tissue, SMC activation with phenylephrine 

does effect the stiffness of the tissue, however the contribution is limited at high strains to less 

than 10% of stiffness increase.
5
 For consistency, smooth muscle cells were not activated in our 

experiments. Ten preconditioning loops were completed prior to the test loops, which were done 

in triplicate. Both engineering and true stress via optical tracking were measured. 

Analysis was performed using MatLab R2012a (MathWorks, Massachusetts, USA). Both the 

engineering stress and true-stress –strain curves were modelled using polynomial functions. The 

apparent modulus of elasticity was calculated at 40% and 50% strain as an approximation of 

physiological loading conditions. We measured the percent of energy lost between the loading 

and unloading curves, the 'Energy Loss', to quantify the viscoelastic nature of the aorta (Figure 

1). Loading and unloading of aortic tissue produces a hysteresis loop in the stress-strain curve. 

The area of this loop has units of energy. Once hysteresis is normalized by dividing by the total 

energy applied during loading (the integral of the loading stress-strain curve), this yields a 

unitless metric termed 'Energy Loss'. The data and figures represented here consistently use 

strain in the axial direction during equi-biaxial testing, and engineering stress. 
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Figure 1: The stress-strain relationship of the ascending aorta, and definitions of two 

biomechanical parameters: apparent modulus of elasticity and percent energy loss per cycle. 

 

3.2.2 Histology 

Samples immediately adjacent to each square were stored in 10% formalin, and underwent bulk 

Movat Pentachrome staining. Images were taken in three different areas per slide, giving a total 

of twelve images per aorta. All images were renamed and analyzed in a blinded fashion. The 

percent collagen, elastin and mucopolysaccharides were quantified using ImageJ 1.46r (National 

Institutes of Health, USA).  
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3.2.3 Data Analysis 

All averages were represented as mean ± standard deviation. Continuous variables were 

compared using the Mann Whitney U test. Correlations were calculated using liner regression. 

Body surface area was calculated using the Dubois formula below (BSA: body surface area (m
2
), 

H: height (m), W: weight (kg)). 

                                           

Statistics were performed with GraphPad Prism 5.01 (GraphPad Software, Inc, CA, USA). 

 

3.3 Results 

Forty-one ascending aortas were collected in total, including 34 aneurysmal aortas and 7 control 

aortas (Table 1). We found statistically significant differences in biomechanical properties 

between aneurysmal and control aortas. Aneurysmal tissue, with an mean energy loss of 34 ± 

4%, exhibited significantly greater energy loss than control tissue, with a mean of 28 ± 2%  

(p=0.0005). Aneurysmal tissue also exhibited significantly greater apparent modulus of elasticity 

at 40% strain than control tissue (aneurysmal: 0.15 ± 0.03MPa, control: 0.10±0.03 MPa,  

p=0.0007). When separating the aneurysmal aorta between tricuspid and bicuspid valves, no 

difference was found in the apparent modulus of elasticity between the two valve types (p=0.77), 

while bicuspid valves exhibited less energy loss than tricuspid valves (p=0.01). 
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Table 1: Patient demographics. 

 Control (n=7)  Aneurysm (n=34)  

Age (years)  51 ± 18 64 ± 12 

Male  6 (86%) 23 (68%) 

Tricuspid Aortic Valves  7 (100%) 12 (35%) 

Bicuspid Aortic Valves  0 20 (59%)  

Mechanical Valves  0 2 (6%) 

Aortic Size (cm) 2.4 ± 0.4 5.2 ± 0.7 

 

We explored the relationship between biomechanical parameters and aortic size. There was a 

trend towards greater apparent modulus of elasticity, or aortic stiffness, with increasing aortic 

size (40% strain: p=0.001, r
2
=0.17; 50% strain: p=0.0002, r

2
=0.30). However, the trend 

disappeared once aortic size was indexed to body surface area (40% strain: p=0.82, r
2
=0.002; 

50% strain: p=0.07, r
2
=0.11). Energy loss and aortic size significantly co-varied with greater 

energy loss seen in larger aortas (p<0.0001, r
2
=0.60). Figure 2 demonstrates that when aortic size 

increased beyond 5.5 cm, energy loss escalated more rapidly with greater variability. When 

separating the samples between bicuspid and tricuspid aortic valve types, it appears that both 

valve types fall on the same curve. 

The rapid rise and greater variability in energy loss beyond 5.5 cm in aortic size resulted in a 

group of aneurysmal aortas with wide range of energy loss indistinguishable by aortic size. Their 

histology was examined and advanced medial degeneration was found in aortas with elevated 
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energy loss whereas normal aortic wall architecture was found in aortas with lower energy loss 

and the same aortic size (Figure 3). 

The relationship between energy loss and aortic size remained once size was indexed to body 

surface area (Figure 4). Indexing aortic size accounts for the concept that a 6 cm aorta is not the 

same in a large individual as compared to a very small individual. Interestingly, indexing 

resulted in a stronger more linear relationship with energy loss (p<0.0001, r
2
=0.78). Notably, one 

can still appreciate a clear step up in energy loss beyond an indexed aortic size of 3.25 cm/m
2
. 

Despite indexing aortic size, one sample clearly fell far from the trend-line. Histology revealed 

extremely disorganized medial degeneration in this aorta (Figure 4a). Another aorta of 

approximately the same age and indexed aortic size demonstrated uncompromised histology with 

orderly elastin sheets and preserved smooth muscle cells. 

 

Figure 2: The effect of aortic diameter on energy loss. Energy loss rapidly increases with greater 

variability for aortic diameters greater than 55 mm. The average energy loss in aortas less than 

55 mm is 26.5±2.7%, and 35.5±5.8% in aortas greater than 55 mm (p=0.0001). 
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Next, we quantified changes in the underlying histology among a subset of the aneurysmal aortas 

by colourimetrically separating components of the aortic wall into elastin, collagen, smooth 

muscle cells and mucopolysaccharides. Individual components as well as the elastin to collagen 

ratio were compared to aortic size, energy loss and modulus of elasticity. Increasing levels of 

energy loss and increasing aortic size correlated significantly with increasing proportions of 

collagen (energy loss: p=0.004, r
2
=0.33; size: p=0.009, r

2
=0.27) and decreasing proportions of 

elastin (energy loss: p=0.003, r
2
=0.34; size: p=0.009, r

2
=0.27). The best correlations were found 

with increasing collagen to elastin ratio (energy loss: p=0.0002, r
2
=0.49; size: p=0.0007, 

r
2
=0.42). There was no statistically significant relationship between the modulus of elasticity and 

aortic wall composition. Mucopolysaccharide content did not correlate with aortic size or either 

of the biomechanical parameters. 

 

3.4 Discussion 

The exact mechanisms of non-traumatic aortic complications are not well delineated. Generally, 

larger aortic sizes are associated with higher risks of dissection and rupture. Thus clinicians have 

used aortic size almost exclusively to gauge the need for prophylactic surgery. This is despite 

great heterogeneity in growth rates and lack of clarity in the natural history of ascending aortic 

aneurysms. Ascending aortic dissection and rupture occur when the mechanical integrity of the 

aorta is overcome by stresses on the wall. Aortic size is not a material property and is an 

inadequate surrogate for wall stresses. Therefore, biomechanics can provide mechanistic insight 

into aortic aneurysm complications and more sophisticated patient selection, reducing exposure 

to the real risks of even elective surgery. 
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Figure 3: Above 5.5 cm in size, energy loss rapidly rises 

with greater variability.  The red dots represent aortas 

indistinguishable by aortic size, yet with a wide range in 

energy loss. Aortas with low energy loss, box a), display 

normal histology with preserved elastic laminae (brown to 

black) and intact smooth muscle cells (red to purple). On 

the other hand, aortas with elevated energy loss, box b), 

display fragmentation of elastin, loss of smooth muscle 

cells, and replacement with collagen (yellow). 
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Figure 4: Once aortic size is indexed to BSA, the relationship between size and energy loss  

linearizes, although a step up is still appreciated after 3.25 cm/m
2
. Energy loss pulled one sample 

off the trendline conspicuously as an outlier (red square). Box a) shows the abnormal histology 

of the outlying sample: fragmented elastin (black), disorganized smooth muscle cells (purple), 

and large amounts of disorganized collagen (yellow/brown). The green square represents a 

sample with a similar indexed aortic size, and box b) shows the corresponding histology with 

orderly elastic lamellae, orderly smooth muscle cells and only moderate amounts of collagen. 
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Ex vivo biaxial tensile testing as performed here is the ideal experimental setting. The stress-

strain characteristics of the tissue can be obtained under controlled loading or displacement over 

a wide range of amplitudes and frequencies without interference of surrounding tissue.  Currently 

available medical imaging provides estimates of strain over the limited uncontrolled 

displacement of the cardiac cycle.  Stresses are rough estimates based on blood pressure and 

relies on many assumptions of the vessel material properties.  Although in vivo measures have 

shown good co-variance with patient age and aortic diameter,
25-27,31,32

 they have never been 

validated against the tissue material properties of the ascending aorta. 

Aortic stiffness, characterized by apparent modulus of elasticity, is an intuitive parameter 

thought to be one of the earliest markers of vessel disease,
33

 previously described in association 

with essential hypertension and aneurysms.
29,16,23

 However, how it is related mechanistically to 

complications is unclear. Also, its non-linear variation with strain presents significant difficulties 

in comparing between studies and between patients, and in providing meaningful in vivo 

measurements. In our study, apparent modulus of elasticity demonstrated no correlation with the 

underlying histopathology. 

Energy loss is by its definition a more stable robust variable less susceptible to noise. Potentially, 

its simplicity can make in vivo measurements more feasible and comparisons between studies 

and patients easier as well. As a normalized measurement of hysteresis per cycle of loading and 

unloading, it represents the viscous component of the aortic wall. We found by analyzing 

histology that unlike apparent modulus of elasticity, energy loss did reflect the structural makeup 

of the aortic tissue, especially the collagen to elastin ratio. Poor efficiency in returning energy 

when cycled was associated with more advanced medial degeneration and higher collagen to 

elastin ratios. Whether it acts as a stimulus for vessel wall remodeling or is a by-product of 
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remodeling is unknown. However, if the amount of energy absorbed by the aortic wall exceeds 

the aorta's ability for repair, it would ultimately render the material more prone to failure. 

The calculation of energy loss is completely independent of aortic size, and yet a highly 

significant association was found between the two properties (p<0.0001). We demonstrated that 

at the high end of aortic size, aortas exhibit a rapid rise in levels of energy loss. Further 

examination showed that aortas with greater energy loss had much more medial degeneration 

than their counterparts of the same size.  

By indexing aortic size to body surface area, we achieved greater linearization of the relationship 

between energy loss and aortic size (r
2
=0.78). These results provide biomechanical support for 

the concept that indexed size may be more important than size itself.
34

 This is in contrast to the 

traditional parameter of apparent modulus of elasticity, which did not have any relationship to 

indexed aortic size. The step-up in energy loss seen at 3.25 cm/m
2
, or its rapid rise beyond 5.5 

cm, may point to the mechanism behind the hinge-point in complication rates with increasing 

aortic size.
35

  

An important finding was that energy loss was able to clearly separate an aortic sample with very 

pathological changes seen on histology. The energy loss was well off the curve expected given 

either size or indexed size, and the histological changes were not seen in aortas of the same size. 

The severity of disease is unlikely to have been identified based on the age, gender and valve 

type of this 64 year-old male patient with a tricuspid valve. These results suggest that energy loss 

may provide additive value to examining aortic size alone. Upon examination of Figure 2, one 

may hypothesize a level of 30% in energy loss to represent a cut-off other than size to 

recommend intervention. If such a cut-off was used, 18% of the aneurysmal aortas in our cohort 
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would not have been removed. Clearly, it is unknown what the clinical consequences of that 

would be at this time. It is not certain if and how the pathological changes we observed would 

translate into aortic dissection. However, a contemporary case series of aortic dissection note the 

importance of subadventitial collagen hyperplasia, offering some merit to the importance of 

increased collagen to elastin ratio.
36

 

Our results suggest that aneurysms associated with bicuspid aortic valves have similar energy 

loss to tricuspid valves at any given aortic size. Other studies on surgical specimens have found 

biomechanical differences between the two valve types in terms of stiffness, delamination 

strength and tensile strength.
37,38

 We also found a difference in energy loss between bicuspid and 

tricuspid valves (p=0.02, data not shown), but when once plotted against aortic size, the two 

valve types fell on the same curve. Certainly there is a high incidence of aneurysms among 

patients with bicuspid aortic valves,
39

 and compelling hemodynamic data exists on how wall 

stress is different in bicuspid aortopathy.
40

 Still, whether a smaller aortic size is more significant 

in this population is debatable,
41,42 

as reflected by changes in the 2014 American Heart 

Association/American College of Cardiology valve guidelines which raised the threshold for 

intervention for bicuspid aortopathy from 5.0 cm to 5.5 cm.
43

 Aortopathy among patients with 

bicuspid aortic valves exhibit heterogeneity,
44

 and not all patients may merit early surgery. 

Energy loss may tease out those who fall off the normal curve. 

Our future objectives include establishing a non-invasive method of measuring metrics such as 

energy loss in vivo. We are currently validating both pre-operative MRI and intra-operative TEE 

data with our ex-vivo data using previously described method.
26,45

 Also, the genetic and 

biochemical factors that contribute to elevated energy loss need further exploration. We envision 
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refining risk stratification and surgical selection of candidates for ascending aortic aneurysm 

repair through the addition of simple biomechanical parameters to aortic size. 

 

3.5 Conclusions 

A highly significant association was found between energy loss and aortic diameter, with aortas 

exhibiting a rapid rise in energy loss levels at the high end of aortic size. Aortas with greater 

energy loss had much more medial degeneration than their counterparts of the same size. In fact, 

energy loss had a significant association with the underlying histological make-up of the aorta. 

By demonstrating a measurable link between aortic function and structure, energy loss may 

provide an additional tool in distinguishing aortas at risk for complications.  
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4. Summary and Conclusions 

We defined a novel biomechanical parameter, "energy loss", based on the ascending aorta's 

physiological role as a capacitor and hypothesized that decreased efficiency in performing this 

role would be linked to structural changes associated with disease (specifically aneurysmal 

disease). Experiments on ex-vivo human ascending aortic tissue confirm the difference in 

biomechanical properties between aneurysmal and normal aorta, i.e. aneurysmal aortas 

demonstrate greater apparent modulus of elasticity and energy loss. Energy loss demonstrated 

good correlation with histology, especially the collagen to elastin ratio.  Most significantly, 

elevated levels of energy loss appear to be able to identify aortas with highly pathological 

changes in  histology.  
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5. Future Directions 

Our study suggests that energy loss provides incremental information about the pathological state 

of ascending aortas. In order to determine whether use of energy loss would result in superior 

risk stratification, the new metric needs to be clinically applicable. The first step would be to 

provide a reproducible algorithm for determining energy loss using available medical imaging. 

Thus we plan to incorporate magnetic resonance imaging and transesophageal echocardiography 

into our data collection protocol. Validation of a non-invasive imaging modality for calculating 

energy loss enables more wide spread use of the metric and population level based studies. We 

will also continue data collection and mechanical testing as in the current study, as a larger 

sample size would make it possible to analyze patient and biochemical factors related energy 

loss. 
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