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Abstract 
This study investigates the mechanical properties of the aneurysmatic ascending aorta through radial tensile 

testing, focusing on the behavior of different anatomical regions and layers of the aortic wall. The primary aim is 

to examine how rupture propagates between the intima-media and media-adventitia layers, and to assess how 

these mechanical properties vary across four anatomical regions (anterior, right lateral, posterior, and left lateral) 

of the aorta. Specimens from twelve patients were subjected to direct tension tests, with force-displacement 

curves used to analyze key mechanical parameters, including maximum force (Fmax), yield force (Fyield), strain, and 

elastic modulus.  

The samples were collected from patients at Hygeia Hospital between September 2023 and February 2024. The 

experimental procedures were conducted at the Center of Clinical, Experimental Surgery & Translational 

Research at the Biomedical Research Foundation of the Academy of Athens (BRFAA). For the mechanical testing, 

a fully automated Vitrodyne V1000 Universal tensile testing machine was used, equipped with specially 

developed specimen grips to ensure precise and consistent measurements during the direct tension tests.  

The results were contextualized within the framework of existing literature on the mechanical behavior of the 

aortic wall, particularly in relation to rupture initiation and propagation. The study found that the intima-media 

interface exhibits significantly higher mechanical resistance, with greater Fmax and elastic modulus values 

compared to the media-adventitia interface, indicating that the inner layers of the aorta are stronger and more 

resistant to rupture. In contrast, the outer layers showed greater variability and lower mechanical resistance, 

making them more prone to rupture initiation. These findings align with previous studies that have demonstrated 

the mechanical vulnerability of the media-adventitia interface in pathological conditions such as aortic 

dissections. Furthermore, regional differences were observed, with the posterior and right lateral regions 

exhibiting higher mechanical resistance compared to the anterior and left lateral regions, suggesting that the 

structural integrity of the aorta varies across different anatomical locations. Patient-specific factors such as age, 

gender, and valve morphology also influenced the mechanical behavior of the aortic wall. Younger patients 

exhibited higher mechanical strength, while patients with bicuspid aortic valves (BAV) showed lower resistance 

to rupture compared to those with tricuspid aortic valves (TAV). These findings emphasize the importance of 

considering individual patient characteristics when assessing rupture risk and planning treatment. In conclusion, 

this study provides valuable insights into the layer-specific and region-specific mechanical properties of the 

aneurysmatic ascending aorta, highlighting the critical role of the intima-media interface in maintaining aortic 

integrity. The findings have significant implications for the clinical management of aortic aneurysms and 

dissections, particularly in terms of identifying patients at higher risk of rupture and tailoring interventions 

accordingly. Future research should focus on integrating mechanical testing with histological analyses to further 

explore the structural factors that influence aortic wall failure. 

Keywords: ascending aorta, aortic wall, aortic aneurysm, aortic dissection, rupture propagation, tensile testing, 

mechanical properties 
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Περίληψη 

Η παρούσα μελέτη διερευνά τις μηχανικές ιδιότητες της ανευρυσματικής ανιούσης αορτής μέσω δοκιμών 

εφελκυσμού κατά την ακτινική διεύθυνση, με έμφαση στη συμπεριφορά διαφορετικών ανατομικών περιοχών 

και χιτώνων του αορτικού τοιχώματος. Ο κύριος στόχος είναι να εξεταστεί ο τρόπος διάδοσης της ρήξης μεταξύ 

των έσω-μέσου και μέσου-έξω χιτώνα, καθώς και να αξιολογηθεί η μεταβολή αυτών των μηχανικών ιδιοτήτων 

στα τέσσερα ανατομικά τμήματα (πρόσθιο, έξω πλάγιο, οπίσθιο και έσω πλάγιο) της αορτής. 

Δείγματα από δώδεκα ασθενείς υποβλήθηκαν σε δοκιμές εφελκυσμού, χρησιμοποιώντας καμπύλες δύναμης-

μετατόπισης για την ανάλυση βασικών μηχανικών παραμέτρων, συμπεριλαμβανομένων της μέγιστης δύναμης 

(Fmax), της δύναμης διαρροής (Fyield), της παραμόρφωσης και του μέτρου ελαστικότητας. Τα δείγματα 

συλλέχθηκαν από ασθενείς του Νοσοκομείου «Υγεία» μεταξύ Σεπτεμβρίου 2023 και Φεβρουαρίου 2024. Οι 

πειραματικές διαδικασίες πραγματοποιήθηκαν στο Κέντρο Κλινικής, Πειραματικής Χειρουργικής και 

Μεταφραστικής Έρευνας του Ερευνητικού Κέντρου Βιοϊατρικών Επιστημών της Ακαδημίας Αθηνών (ΙΙΒΕΑΑ). Για 

τις μηχανικές δοκιμές, χρησιμοποιήθηκε πλήρως αυτοματοποιημένο μηχάνημα εφελκυσμού Vitrodyne V1000 

Universal, εξοπλισμένο με ειδικά αναπτυγμένες αρπάγες δειγμάτων, ώστε να διασφαλιστεί η ακρίβεια και η 

συνέπεια των μετρήσεων κατά τις δοκιμές εφελκυσμού. 

Τα αποτελέσματα τοποθετήθηκαν στο πλαίσιο της υπάρχουσας βιβλιογραφίας σχετικά με τη μηχανική 

συμπεριφορά του αορτικού τοιχώματος, ιδιαίτερα σε σχέση με την έναρξη και τη διάδοση της ρήξης. Η μελέτη 

κατέδειξε ότι η διεπιφάνεια έσω-μέσου παρουσιάζει σημαντικά υψηλότερη μηχανική αντοχή, με μεγαλύτερες 

τιμές Fmax και μέτρου ελαστικότητας σε σύγκριση με τη διεπιφάνεια μέσου-έξω χιτώνα, υποδεικνύοντας ότι οι 

εσωτερικές στιβάδες της αορτής είναι ισχυρότερες και πιο ανθεκτικές στη ρήξη. Αντίθετα, οι εξωτερικές 

στιβάδες έδειξαν μεγαλύτερη μεταβλητότητα και χαμηλότερη μηχανική αντοχή, καθιστώντας τις πιο ευάλωτες 

στην έναρξη ρήξης. Παρατηρήθηκαν επίσης περιφερειακές διαφορές, με την οπίσθια και έξω πλάγια περιοχή 

να παρουσιάζουν υψηλότερη μηχανική αντοχή σε σύγκριση με την πρόσθια και έσω πλάγια περιοχή, γεγονός 

που υποδεικνύει ότι η δομή της αορτής διαφέρει μεταξύ των διαφορετικών ανατομικών θέσεων. Παράγοντες 

που σχετίζονται με τον ασθενή, όπως η ηλικία, το φύλο και η μορφολογία των βαλβίδων, επηρέασαν επίσης τη 

μηχανική συμπεριφορά του αορτικού τοιχώματος. Οι νεότεροι ασθενείς εμφάνισαν υψηλότερη μηχανική 

αντοχή, ενώ οι ασθενείς με δίπτυχη αορτική βαλβίδα (BAV) έδειξαν χαμηλότερη αντίσταση στη ρήξη σε 

σύγκριση με αυτούς με τρίπτυχη αορτική βαλβίδα (TAV). 

Αυτά τα ευρήματα τονίζουν τη σημασία της εξατομικευμένης εκτίμησης των χαρακτηριστικών του ασθενούς 

κατά την αξιολόγηση του κινδύνου ρήξης και τον σχεδιασμό της θεραπείας. Συμπερασματικά, η παρούσα 

μελέτη παρέχει πολύτιμες πληροφορίες για τις ειδικές κατά χιτώνα και περιοχή μηχανικές ιδιότητες της 

ανευρυσματικής ανιούσης αορτής, αναδεικνύοντας τον κρίσιμο ρόλο της διεπιφάνειας έσω-μέσου στη 

διατήρηση της αορτικής ακεραιότητας. Τα ευρήματα έχουν σημαντικές κλινικές προεκτάσεις για τη διαχείριση 

των αορτικών ανευρυσμάτων και διαχωρισμών, ιδιαίτερα όσον αφορά τον εντοπισμό ασθενών με υψηλότερο 

κίνδυνο ρήξης και την προσαρμογή των παρεμβάσεων αναλόγως. Μελλοντική έρευνα θα πρέπει να 

επικεντρωθεί στην ενσωμάτωση μηχανικών δοκιμών με ιστολογικές αναλύσεις για την περαιτέρω διερεύνηση 

των δομικών παραγόντων που επηρεάζουν την αποτυχία του αορτικού τοιχώματος. 

Λέξεις-Κλειδιά: ανιούσα αορτή, αορτικό τοίχωμα, ανεύρυσμα αορτής, διαχωρισμός αορτής, διάδοση ρήξης, 

δοκιμή εφελκυσμού, μηχανικές ιδιότητες 
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Summary 
The study of the mechanical properties of the aneurysmatic ascending aorta is of significant clinical and scientific 

interest due to the critical role of this major blood vessel in systemic circulation and the severe consequences 

that arise from its failure. Aneurysms of the ascending aorta can lead to life-threatening conditions such as aortic 

dissection and rupture. Understanding the mechanical behavior of the aorta, especially how it fails under various 

mechanical stresses, is essential for predicting rupture risk and improving therapeutic interventions. The focus 

of this research is the examination of the mechanical properties of the aortic wall under radial tensile stress, 

specifically to explore how different layers of the aortic wall respond to rupture propagation. The research 

question that guides this study is: how do the mechanical properties of the aneurysmatic ascending aorta differ 

between the inner (intima-media) and outer (media-adventitia) layers across various anatomical regions, and 

what implications do these differences have for rupture risk in patients with aortic aneurysms? 

This study uses direct tension tests to investigate the radial mechanical properties of coin-shaped specimens 

derived from the aneurysmatic ascending aortas of twelve patients. The specimens were taken from four distinct 

anatomical regions of the aorta (anterior, right lateral, posterior, and left lateral) and were tested under two 

conditions: one set of specimens had an initial incision between the intima and media layers (inner incision), 

while the other set had an incision between the media and adventitia layers (outer incision). The purpose of 

these incisions was to simulate rupture initiation at different layers of the aortic wall, with the aim of 

understanding how the rupture propagates in each case. The radial tensile testing method was selected because 

it directly evaluates the strength of interlamellar connections within the aortic wall, particularly between the 

layers that are most susceptible to dissection and rupture in pathological conditions. 

The data collected from the tension tests were primarily force-displacement curves for each specimen, which 

allowed for the calculation of several key mechanical parameters, including maximum force (Fmax), yield force 

(Fyield), strain, and elastic modulus. These parameters were analyzed to characterize the mechanical behavior of 

the aortic wall in both the elastic and plastic regions of deformation, providing insight into how the wall 

withstands mechanical stress and the conditions under which it fails. For each anatomical region and incision 

type, average force-displacement curves were generated, and these curves were used to extract the relevant 

mechanical data. The data were then compared across the different regions and layers, and were interpreted in 

relation to existing literature on aortic mechanics, particularly studies that have examined the radial tensile 

properties of the aorta. 

The results of the study reveal several important findings regarding the mechanical behavior of the aneurysmatic 

ascending aorta. One of the key observations is that specimens with inner incisions, which mimic rupture 

initiation between the intima and media layers, consistently exhibited higher maximum forces at failure (Fmax) 

compared to specimens with outer incisions, where rupture initiation occurred between the media and 

adventitia layers. This suggests that the inner layers of the aortic wall, particularly the intima-media interface, 

possess greater mechanical strength and resistance to rupture than the outer layers. These findings are 

consistent with the results of previous studies, such as those by Sommer et al. and Schriefl et al., which have 

reported lower mechanical resistance in the outer layers of the aortic wall due to weaker interlamellar 

connections. The higher Fmax values observed in the inner layers indicate that these layers play a critical role in 

maintaining the mechanical stability of the aorta under tensile stress, while the outer layers are more prone to 

rupture. 

The study also found significant differences in mechanical performance between the various anatomical regions 

of the aorta. The posterior and right lateral regions consistently exhibited higher mechanical resistance, with 

greater Fmax and elastic modulus values, compared to the anterior and left lateral regions. This suggests that the 

structural integrity of the aortic wall varies depending on its anatomical location, with certain regions being more 

mechanically robust than others. The posterior region, in particular, demonstrated high resistance to mechanical 

stress, which may be attributable to differences in the organization of collagen and elastin fibers within the aortic 

wall in this region. These regional differences in mechanical behavior are consistent with previous findings in the 

literature, which have suggested that variations in hemodynamic forces and fiber orientation across the aorta 

may contribute to differences in mechanical performance. 
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In addition to the differences between layers and regions, the study also examined the relationship between 

mechanical properties and patient-specific factors, such as age, gender, and valve morphology. The results 

indicate that younger patients generally exhibited higher stress values in both the elastic and plastic regions of 

deformation compared to older patients. This finding aligns with established knowledge about the effects of 

aging on the aortic wall, including increased stiffness and reduced elasticity due to the accumulation of structural 

changes such as collagen cross-linking and elastin degradation. The presence of bicuspid aortic valve (BAV) also 

influenced mechanical behavior, with BAV patients displaying lower mechanical resistance, particularly in the 

outer layers, compared to patients with tricuspid aortic valve (TAV). This finding is consistent with studies such 

as those by Pasta et al., which have demonstrated that the altered hemodynamics associated with BAV 

contribute to earlier structural weakening of the aortic wall, leading to increased susceptibility to rupture. 

One of the strengths of this study is its detailed analysis of the mechanical behavior of the aortic wall across 

different layers and regions, providing a nuanced understanding of how rupture propagates through the wall in 

aneurysmatic aortas. The finding that the inner layers are mechanically stronger than the outer layers is of 

particular clinical significance, as it suggests that interventions aimed at reinforcing the outer layers of the aorta 

may help prevent rupture in patients with aneurysms. Additionally, the regional differences in mechanical 

properties observed in this study highlight the importance of considering anatomical location when assessing 

rupture risk in patients with aortic disease. Regions such as the posterior and right lateral areas, which exhibited 

higher mechanical resistance, may be less prone to rupture, while the anterior and left lateral areas, which 

demonstrated lower mechanical strength, may require closer monitoring or earlier surgical intervention. 

The study's broader relevance lies in its potential to enhance clinical management strategies for aortic aneurysms 

and dissections. By understanding the mechanical weaknesses in specific layers and regions, clinicians can more 

accurately identify patients at greater risk of rupture and tailor treatments accordingly. For instance, earlier 

surgical interventions could be prioritized for patients with aneurysms in weaker regions, while those with 

conditions like bicuspid aortic valve (BAV) may require intensified monitoring and management. The findings also 

underscore the importance of personalized treatment plans in aortic disease, factoring in patient-specific 

variables such as anatomical location, age, and valve structure, to improve clinical outcomes. 

In conclusion, this study successfully achieved its objectives by providing a detailed characterization of the 

mechanical properties of the aneurysmatic ascending aorta under radial tensile stress. The findings highlight the 

critical role of the intima-media interface in maintaining the mechanical stability of the aortic wall, as well as the 

vulnerability of the media-adventitia interface to rupture initiation. The regional differences in mechanical 

performance observed in this study also underscore the importance of considering anatomical location when 

assessing rupture risk. By integrating these findings with existing literature on aortic mechanics, this study 

contributes valuable data to the field and provides a foundation for future research aimed at improving the 

diagnosis and treatment of aortic aneurysms and dissections. Further research that combines mechanical testing 

with histological and imaging techniques will be essential for gaining a more complete understanding of the 

factors that influence aortic wall failure, ultimately leading to better clinical outcomes for patients with aortic 

disease. 
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Introduction 
Thoracic Aortic Aneurysms 

 

Figure 1: Parts of aorta in relation to heart and diaphragm. The ascending aorta, aortic arch, descending 
(thoracic) and abdominal aorta are shown. Retrieved from Anatomy & Physiology by Open Learning Initiative 

(CC BY-NC-SA). [1] 

Definition 
Thoracic aortic aneurysms (TAAs) are defined as localized dilations of the thoracic aorta that exceed 50% of its 

normal diameter. These aneurysms can develop in different regions of the thoracic aorta, such as the ascending 

aorta, aortic arch, or descending thoracic aorta, with some cases involving multiple sections. The majority of 

TAAs occur in the ascending aorta (60%), followed by the descending aorta (40%), and the aortic arch (10%) [2] 

[3].  

An aortic aneurysm is a chronic condition involving the aorta and is marked by a permanent localized 

enlargement caused by adverse remodeling of the aortic wall. This disease can progress to a potentially fatal 

aortic rupture, which has a mortality rate exceeding 80%, leading to between 150,000 and 200,000 deaths 

annually worldwide [4], [5]. Aortic aneurysms are generally categorized as either thoracic (TAA), which occur 

above the diaphragm in the ascending aorta, aortic arch, or thoracic aorta, or abdominal (AAA), located below 

the diaphragm in the supra- or infrarenal regions [6]. Although the mechanisms differ between TAA and AAA, 

common risk factors include age, smoking, hypertension, hyperlipidemia, male gender, white race, and family 

history [7] [8] 

Aortic aneurysms are characterized by gradual enlargement, which increases the risk of rupture and death [9]. 

Typically, thoracic aortic aneurysms remain clinically asymptomatic and progress slowly until reaching a critical 

size, after which the risk of aortic dissection or rupture rises. Contributing factors include bicuspid aortic valve, 

genetic syndromes like Marfan, Loeys-Dietz, and Ehlers-Danlos, as well as familial links. However, in many 
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instances, the cause is unknown. It is vital for clinicians to consider screening first-degree relatives of patients 

with aortic disease and to promptly refer patients to specialists in aortic conditions [10]. 

Prevalence 
The detection rate of TAA has increased due to improved diagnostic techniques and greater awareness. While 

the commonly cited incidence is 10.4 per 100,000 patient-years, this figure likely underestimates the actual 

frequency of the disease. More accurate data come from studies combining hospital diagnostic records with 

autopsy findings. Olsson et al. [11] reported an incidence rate of 16.3 per 100,000 per year for men and 9.1 for 

women, while Clouse et al. [12] observed an incidence of 3.5 per 100,000 patient-years for both thoracic aortic 

dissection and rupture. In 2019, aortic aneurysms or dissections resulted in 9,904 deaths [13], but this figure is 

likely understated, as aortic dissection is often misdiagnosed as a myocardial infarction or other acute conditions 

in the absence of an autopsy. 

TAAs are often called “silent killers” due to their asymptomatic nature but are linked to significant morbidity and 

mortality [14]. Approximately 22% of patients suffering from an acute aortic syndrome die before receiving 

medical care, and among those who do reach the hospital, 34% die within 30 days [11], [15]. Despite these 

alarming statistics, research into TAA remains limited compared to other cardiovascular diseases, emphasizing 

the need for deeper exploration of its pathophysiology to improve outcomes. While TAAs are more common in 

men, the prognosis is generally worse in women. Women with TAAs face a higher likelihood of aortic dissection 

or rupture, even at smaller aneurysm sizes, and they have higher mortality rates than men with the condition. 

These differences persist even when accounting for body size, implying that factors other than aneurysm size 

contribute to the worse outcomes in women. However, the reasons for this disparity remain insufficiently 

understood [16], [17]. 

Risk Factors, associations, and causes  
Risk factors  

Older age, Male sex, Hypertension, Smoking, Hypercholesterolemia, Weightlifting, Cocaine use, Trauma, 

Cardiovascular associations, Atherosclerosis, Other aneurysm, Prior aortic dissection, Aortic coarctation. [18] 

Bicuspid aortic valve 

Bicuspid aortic valve is the most common congenital anomaly affecting the aorta, found in 1% to 2% of the 

population. It is classified based on its anatomical appearance. Type 0 or true bicuspid valves lack a raphe and 

have two equally sized leaflets. More frequently, type I bicuspid valves possess a single raphe, generally between 

the right and left coronary cusps. Less commonly, the raphe forms between the right and noncoronary cusps. 

The raphe’s position can create specific flow patterns that may contribute to the formation of aortic aneurysms 

[19]. Patients with bicuspid valves are at increased risk for developing ascending aortic aneurysms, dissections, 

as well as aortic stenosis and regurgitation [20]. 

Genetic causes 

Genetic causes of thoracic aortic aneurysms encompass several hereditary conditions, each with distinct 

pathophysiological mechanisms and risks for aortic disease. 

Familial thoracic aortic aneurysm is a condition in which thoracic aortic aneurysms occur due to inherited genetic 

mutations. These mutations typically affect genes involved in the structure and function of the aortic wall. 

Familial cases tend to be inherited in an autosomal dominant pattern, meaning that a single copy of the altered 

gene from either parent can cause the condition. These individuals are at an increased risk of developing 

aneurysms or dissections at a younger age compared to sporadic cases, and close family members are often 

advised to undergo screening for aortic disease [21]. 

Marfan syndrome is an autosomal dominant disorder resulting from mutations in the FBN1 or FBN2 genes, which 

code for fibrillin-1 and fibrillin-2, respectively. These proteins are essential components of elastin-associated 

microfibrils, predominantly found in the tunica media of the aorta. Marfan syndrome is present in 4–5% of 

patients with aortic dissection. [22] The condition is characterized by the early development of aortic aneurysms 
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and dissections, along with skeletal features such as long limbs and fingers, and ocular problems like lens 

dislocation. Compared to non-Marfan patients, individuals with this syndrome experience aortic dissections at a 

significantly younger age (38.2 years versus 63.0 years) and tend to have fewer comorbidities like atherosclerosis 

and hypertension. 

Loeys-Dietz syndrome (LDS) is an autosomal dominant disorder caused by mutations in the TGFBR1 and TGFBR2 

genes, which are involved in the signaling pathways of transforming growth factor-beta. LDS shares similarities 

with Marfan syndrome, including a predisposition to aortic aneurysms and dissections. Almost 98% of LDS 

patients develop aortic root aneurysms, making them highly susceptible to aortic dissection. Patients with LDS 

often exhibit other systemic manifestations, including widespread arterial tortuosity, cleft palate, and skeletal 

malformations [23]. 

Ehlers-Danlos syndrome (EDS), particularly the vascular type (type IV), is an autosomal dominant disorder 

associated with mutations in the COL3A1 gene, which encodes type III procollagen. This type of collagen is critical 

for the structural integrity of blood vessels. Patients with vascular EDS are at a high risk of arterial rupture, which 

can occur even in the absence of aneurysms. In addition to arterial fragility, patients with vascular EDS may suffer 

from intestinal and uterine ruptures, making this the most severe form of EDS with the worst prognosis [24]. 

Vascular EDS is notable for its high morbidity and mortality, with many patients experiencing vascular events 

before the age of 40. 

Turner syndrome, a chromosomal condition characterized by the absence of one X chromosome in phenotypic 

females (45X), is associated with several cardiovascular abnormalities, including bicuspid aortic valve, aortic 

coarctation, and aortic dilation. Patients with Turner syndrome are at an elevated risk for aortic dissection, 

particularly those with hypertension or structural heart disease. Over 90% of dissections in Turner syndrome 

patients involve these associated risk factors. Short stature and ovarian failure are common features, while 

cardiovascular anomalies significantly contribute to morbidity and mortality [25], [26]. 

Autosomal dominant polycystic kidney disease (ADPKD) is the most prevalent inherited cause of end-stage 

kidney disease, affecting hundreds of thousands of individuals worldwide. ADPKD is characterized by the 

development of fluid-filled cysts in the kidneys, leading to progressive renal dysfunction. In addition to renal 

manifestations, ADPKD is a multisystem disorder that can involve other organs, including the heart and vascular 

system [27]. Although the risk of aortic aneurysms and dissections in ADPKD remains unclear, there is evidence 

to suggest that these patients have an increased incidence of these complications compared to the general 

population. Cardiovascular complications are the leading cause of death in ADPKD patients, and studies have 

shown that their risk of aortic aneurysms and dissections is significantly higher than in the general population, 

[28]. 

Shprintzen-Goldberg syndrome (SGS) is a rare genetic condition characterized by craniosynostosis, which is the 

premature fusion of skull bones, leading to distinct craniofacial features. In addition to craniosynostosis, patients 

with SGS exhibit skeletal abnormalities such as scoliosis, joint hypermobility, and arachnodactyly. Cardiovascular 

manifestations of SGS include mitral valve prolapse, atrial septal defects, and aortic root dilation. Patients may 

also present with minimal subcutaneous fat, abdominal wall defects, and myopia [29]. Although SGS is a rare 

cause of aortic aneurysm, the presence of aortic root dilation increases the risk of aortic dissection in these 

patients. 

Inflammatory causes 

Takayasu arteritis is a chronic inflammatory disease that affects large arteries, including the aorta, causing vessel 

wall thickening, stenosis, and aneurysms. It predominantly affects young women and can lead to life-threatening 

complications if untreated [30]. 

Giant-cell arteritis is an inflammatory condition most commonly seen in older adults that affects large arteries 

like the aorta. It is associated with symptoms such as headache and vision problems, and it can cause aortic 

aneurysms due to inflammation and weakening of the arterial walls [31]. 
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Behçet arteritis occurs in the context of Behçet's disease, a systemic vasculitis that affects both large and small 

vessels. It can lead to aneurysm formation in the aorta and other major arteries, particularly in populations from 

the Middle East and Asia [32]. 

Ankylosing spondylitis is primarily known for its effects on the spine, but it can also lead to aortitis, particularly 

involving the aortic root. This inflammation may cause aortic dilation and aneurysm formation, increasing the 

risk of serious complications [33]. 

Infective causes 

Mycotic aortitis results from bacterial or fungal infections of the aortic wall, often secondary to conditions such 

as infective endocarditis. It weakens the aortic wall, potentially leading to aneurysm formation and rupture if not 

properly treated [34]. 

Syphilis, in its tertiary stage, can cause syphilitic aortitis, which affects the ascending aorta. This condition was a 

common cause of thoracic aortic aneurysms before antibiotics became widely available, leading to dilation and 

weakening of the aorta [35]. 

Idiopathic 

In some cases, aortic aneurysms occur without a clearly identifiable cause. These idiopathic aneurysms are often 

discovered incidentally and still carry the risk of rupture or dissection, although the exact mechanisms behind 

their formation remain poorly understood [36]. 

 

Aortic Dissection 

Definition 
The etiology of an aortic aneurysm influences the likelihood of an aortic dissection. In advanced atherosclerosis, 

medial and adventitial fibrosis can inhibit the development of dissections [37]. Occasionally, atherosclerotic 

plaques may ulcerate, leading to limited dissections known as penetrating atherosclerotic ulcers, which are 

typically found in the descending thoracic aorta. Unlike aneurysms, these lesions show features such as 

intramural hematoma on imaging [38]. Conversely, conditions like Marfan syndrome, idiopathic thoracic aortic 

aneurysms (TAA), and TAA associated with bicuspid aortic valves frequently lead to dissections. This occurs 

because the medial degeneration seen in these conditions is marked by a lack of scarring, causing laminar 

weakness of the aortic wall. Some TAA cases with dissection lack an intimal tear, suggesting that the initiation of 

the dissection might involve ruptured or leaking vasa vasorum, which are more prominent in the proximal aorta 

[39]. Inflammatory aortitides like Takayasu arteritis often lead to aneurysms, but significant adventitial fibrosis 

prevents dissections despite medial inflammation. In contrast, giant-cell aortitis, with less fibrosis, is more often 

associated with aneurysms that lead to dissections. 

Prevalence 

Aortic dissection is a rare but highly fatal condition, making its overall incidence difficult to determine, as many 

patients succumb before diagnosis. Without treatment, the mortality rate of aortic dissection is around 40% at 

initial presentation, with the rate increasing by 1% per hour, potentially reaching an annual mortality rate of up 

to 90%. Population-based studies from Europe and North America between 1980 and 2015 reported an annual 

incidence of 2.5 to 15 per 100,000 [40]. 

Dissections or ruptures of ascending thoracic aortic aneurysms (aTAAs) are often lethal cardiovascular 

emergencies, with a 25% operative mortality rate despite advancements in surgery and intensive care, according 

to the International Registry of Acute Aortic Dissection (IRAD) [41]. While surgical repair decisions are based on 

factors such as size, growth, symptoms, family history, or connective tissue disorder, aortic diameter remains the 

primary criterion for risk stratification and surgical intervention. However, diameter alone is not always a reliable 

predictor. Studies show that nearly 60% of patients with Type A dissections had an aortic diameter under 5.5 cm, 
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and 40% had a diameter under 5.0 cm. This suggests that many dissections occur at smaller diameters, indicating 

a need for improved predictors of dissection risk in patients with diameters below 5.0 cm [42]. 

Assessment of Aortic Dimensions for Risk Stratification  
Aortic Diameter 

Guidelines currently recommend preventive open aortic repair when the aortic diameter reaches 55 mm. 

However, research has shown that this threshold may not be an ideal predictor of aortic events. A study based 

on serial imaging revealed that the mean ascending aorta size was 54.2 mm at the time of dissection, with an 

increase of 7.65 mm caused by the dissection itself. This study indicated that over 80% of ascending aorta 

dissections occurred at a diameter lower than 55 mm [43]. On the other hand, some studies support the 55 mm 

threshold, noting that it excludes 99% of patients from preventive surgery. Other researchers have proposed 

shifting the threshold to 50 mm in high-risk patients or those treated at specialized centers, where excellent 

surgical outcomes have been achieved [44]. Despite these findings, a study by Monaghan et al. supported current 

guidelines, showing similar survival outcomes between patients monitored with diameters of 50-55 mm and 

those who underwent immediate surgery once their diameter reached 55 mm. However, this study was limited 

by its small sample size and the presence of confounding variables [45]. 

Aortic Size Indexes 

Research by Zafar et al. demonstrated that indexing aortic size to biometric data improves risk assessment for 

rupture, dissection, or death in patients with ascending thoracic aortic aneurysms. This method accounts for 

individual differences in body size, which can affect the interpretation of aortic dimensions. For example, smaller 

individuals with a high aortic-to-body-size ratio face greater risk and may require earlier surgery. The aortic size 

index, calculated by dividing aortic diameter by body surface area, correlates with the risk of aortic catastrophes, 

with an index of 4.25 cm/m² associated with a 20% annual risk of rupture or dissection. This index also relates 

to measures of aortic stiffness, such as systolic distension and diastolic recoil, which may provide further insights 

into disease severity [46], [47]. 

Aortic Length 

Aortic length is an important factor in the natural history of ascending thoracic aortic aneurysms and is being 

explored as a predictive tool for better risk stratification. This measure, typically from the aortic annulus to the 

innominate artery, has been shown to predict aortic adverse events more effectively than diameter alone. Wu 

et al. introduced the aortic height index, which incorporates both length and diameter. This index outperforms 

diameter alone in predicting long-term outcomes [48]. Other studies have found that aortic volume and length 

assessments have superior diagnostic accuracy compared to maximum diameter measurements, and lowering 

the diameter threshold to 50 mm could significantly increase diagnostic sensitivity. Accurate measurement of 

aortic length also enables precise calculation of pulse wave velocity, an important factor in risk stratification [49]. 

Measurements of Aortic Dimensions 

Magnetic resonance imaging (MRI) offers high-quality, reproducible measurements of aortic dimensions, 

including the aortic root, ascending aorta, and arch. MRI can also assess functional parameters such as aortic 

strain, distensibility, and pulse wave velocity, making it an excellent tool for monitoring treatment responses. 

Advanced MRI techniques, such as 4D flow MRI, further characterize altered aortic geometry and function, 

providing insight into the progression of aneurysm disease. Contrast-enhanced CT angiography also provides 

reliable aortic measurements, although it involves radiation exposure. Transthoracic echocardiography (TTE) is 

effective for measuring the aortic root but less so for the aortic arch, while transesophageal echocardiography 

(TEE) offers detailed imaging of the aortic root and ascending aorta, often used when MRI and CT are 

contraindicated [50]. 
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Pathogenesis 

Aortic dissection (AD) is fundamentally caused by an increase in pressure that separates the layers of the aortic 

media, creating a false lumen within the aortic wall. Two key factors drive this condition: the structural weakness 

of the aortic wall and increased wall tension. Several connective tissue components are implicated in AD 

pathogenesis, and genetic connective tissue disorders like Marfan and Ehlers-Danlos syndromes are significant 

predisposing factors. Damaged interlaminar elastic fibers lead to a weakened aortic media structure [51]. 

Additionally, fibrillin, a glycoprotein crucial for the organization of elastic fibers, contributes to this structural 

weakness, particularly in individuals with fibrillin-related disorders like Marfan syndrome. Furthermore, the 

degeneration of the aortic media is exacerbated by Medin, a fibril protein that forms oligomers and damages the 

aortic wall. Medin exerts its damaging effects via cytotoxicity to smooth muscle cells and by promoting matrix 

metalloproteinase (MMP) activity, accelerating the degradation of the extracellular matrix [52]. 

Hypertension, the most common condition associated with AD, emphasizes the role of wall tension. Elevated 

blood pressure increases mechanical stress on the aortic wall, which, over time, contributes to the weakening 

and dissection of the aorta. Interestingly, most hypertensive patients do not develop dissections, suggesting that 

degenerative changes, such as medial degeneration, are crucial for dissection development. Biomechanical 

factors also play a critical role. For instance, the motion of the aortic root during systole increases the longitudinal 

stress on the aortic wall, with the greatest stress coinciding with common sites of Type A dissection [53]. 

Additionally, patients with AD often have a thinner tunica media, further predisposing the aortic wall to 

dissection [54]. However, no single factor fully explains AD onset; it is the interaction between these multiple 

factors that determines the risk, highlighting the complexity of AD pathogenesis.  

In addition to AD, other aortic pathologies such as intramural hematoma (IMH) and penetrating atherosclerotic 

ulcer (PAU) are closely related. IMH arises from the rupture of vasa vasorum, leading to the accumulation of 

blood within the media, typically without an intimal tear, though it may progress to full AD in some cases [55]. 

In contrast, PAU occurs when an atherosclerotic plaque ulcerates and penetrates the media, creating an ulcer 

within the aortic wall that may also evolve into an IMH or full dissection. Unlike classic AD, which commonly 

affects the ascending aorta, IMH and PAU predominantly affect the descending aorta [40]. 

AD usually begins with a tear in the aortic intima, exposing the medial layer to the pulsatile blood flow. This tear 

often occurs in areas of greatest shear stress, such as the right lateral wall of the ascending aorta or the proximal 

segment of the descending aorta. As the blood enters the medial layer, it causes separation of the wall layers, 

leading to the formation of a false lumen. The dissection can propagate, causing either rupture (with adventitial 

disruption) or re-entry into the true lumen via another intimal tear. In cases of re-entry, the patient may remain 

relatively stable if adequate perfusion is maintained, while rupture usually leads to rapid exsanguination and 

death. In some cases, the false lumen may end in a cul-de-sac, forming a blood clot. Early thrombosis of the false 

lumen may result in a smaller lumen compared to the true lumen, but if thrombosis occurs later, the false lumen 

may enlarge and compress the true lumen, compromising systemic perfusion. Dissections can also extend into 

the branches of the aorta, further increasing mortality risk, particularly if coronary arteries are involved [56]. 

Electron microscopy studies have revealed that, at the site of dissection, the extracellular matrix is sparse in the 

medial layer, with disrupted and fragmented elastic lamellae and thinning or absence of smooth muscle cell 

basement membranes. The intima, however, often shows no significant changes in AD [57]. At the molecular 

level, AD is associated with the remodeling of the aortic wall, driven by inflammation and extracellular matrix 

degradation. Macrophages infiltrate the tunica media, releasing MMPs and pro-inflammatory cytokines, which 

degrade collagen and elastin fibers. Increased production of MMP-1, MMP-9, and MMP-12 accelerates 

extracellular matrix degradation, a process also observed in aortic aneurysm and Marfan syndrome [58]. The 

imbalance between MMPs and their tissue inhibitors (TIMPs) promotes proteolytic activity, further weakening 

the aortic wall. 

Another molecular process implicated in AD is VEGF-mediated neoangiogenesis. VEGF (vascular endothelial 

growth factor) promotes angiogenesis and has pro-inflammatory effects, contributing to the remodeling of the 

aortic wall. VEGF production is increased in the neo-vessels and immune-inflammatory infiltrates surrounding 

the degraded medial layer in AD. Hypertension exacerbates this process by acting as both a mechanical stressor 
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and a pro-inflammatory trigger. Hypertensive patients display elevated levels of pro-inflammatory molecules 

such as IL-6, VEGF, MCP-1, MMP-2, and MMP-9, which further promote extracellular matrix degradation and 

contribute to the pathogenesis of AD [59]. This demonstrates the pivotal role of inflammation and extracellular 

matrix degradation in AD development, particularly in hypertensive patients [60]. 

Classification 

Aortic dissection is classified based on the anatomical location of the dissection. The Stanford classification 

system categorizes dissections into two types: Type A involves the ascending aorta or aortic arch, which is the 

section proximal to the left subclavian artery, whereas Type B dissections are limited to the descending thoracic 

aorta. [61] Furthermore, dissections are subdivided by their chronicity. Dissections presenting within 14 days of 

symptom onset are termed acute, while those that persist beyond two weeks are classified as chronic. 

Additionally, dissections may be described as complicated or uncomplicated. Complicated dissections involve 

conditions such as rupture or impending rupture, severe aortic valve insufficiency, coronary artery involvement, 

unmanageable hypertension, cardiac tamponade, neurological impairment, or intractable pain. When dissection 

affects branch vessels, it can result in either static or dynamic obstruction. Static obstruction occurs when the 

false lumen extends into the branch vessel, restricting flow in the true lumen. In dynamic obstruction, the 

dissection flap prolapses over the branch vessel, limiting blood flow without penetrating the branch itself. The 

classification of these obstructions is critical in determining the appropriate endovascular treatment options [62], 

[63]. 

Diagnosis  

Aortic dissection typically presents with the sudden onset of severe chest or back pain, which patients often 

describe as “tearing” or “ripping.” This pain may migrate along the body depending on the location and extent 

of the dissection. Other diagnostic signs can include neurological deficits, signs of organ dysfunction due to 

compromised blood flow, differences in pulse strength between limbs, and a murmur caused by aortic valve 

insufficiency. [61] Diagnostic imaging is crucial for confirming the diagnosis, identifying the location and severity 

of the dissection, and guiding treatment decisions. Contrast-enhanced computed tomography angiography (CTA) 

is often the preferred imaging method due to its accessibility, rapidity, and non-invasive nature. CTA provides 

high-resolution images that can clearly display the dissection flap and determine the patency of both the true 

and false lumens. Other diagnostic techniques include echocardiography (transthoracic or transesophageal) and 

magnetic resonance angiography (MRA). In severe cases requiring immediate surgical intervention, invasive 

angiography may be employed for rapid diagnosis and preoperative planning [64]. 

Clinical Features  

The clinical presentation of aortic dissection varies, largely depending on the location and extent of the 

dissection. The hallmark symptom is acute, severe pain, often described as tearing or stabbing, most commonly 

localized in the chest, back, or abdomen. Chest pain is present in approximately 80% of cases, though it is less 

common in Type B dissections, which may present with back or abdominal pain instead. Pain is often migratory, 

following the extent of the dissection [65]. Sensitivity and specificity studies indicate that acute chest pain is a 

highly predictive symptom of AD, with a sensitivity of 82.9% and specificity of 70.7% [66]. Other symptoms can 

include syncope, which occurs in around 15% of Type A dissections and often signals severe complications such 

as cardiac tamponade or aortic rupture, both associated with high mortality. Additional clinical features may 

include pulse deficits and signs of end-organ ischemia, although these are less common [40]. 

 

 

 

 



21 
 

Prediction Methods  
Biomechanically motivated models are often used to predict the rupture risk of aortic aneurysms and dissections, 

focusing on stress distribution and strength of the aortic wall. A key factor is that certain areas of the aorta, such 

as the region attached to the left pulmonary artery and the vertebral column, experience higher stress 

concentrations due to restricted movement, contributing to rupture risk. Additionally, variations in the aortic 

wall’s composition, such as differences in collagen and elastin content, also play a role in determining the strength 

of the aortic wall in specific areas, leading to localized weakening. Models that integrate these biomechanical 

factors are used to assess the likelihood of rupture. 

Inflation tests using silicone models of abdominal aortic aneurysms (AAA) demonstrated that ruptures tend to 

occur in regions of peak wall stress, rather than at the site of maximum diameter, a finding supported by 

computational models [67]. Similar results were found in normal thoracic aortas, where peak wall stresses were 

localized above the sinotubular junction and near the left subclavian artery, aligning with common sites of 

dissection initiation [68]. These findings emphasize that wall stress, rather than aortic diameter, is a more reliable 

predictor of rupture. 

Models like the Probabilistic Rupture Risk Index (PRRI), which integrate both wall strength and stress distribution, 

further support this notion, showing strong correlations with arterial pressure but not with aneurysm diameter. 

This undermines the conventional reliance on diameter as a key rupture predictor [69]. Research also suggests 

that enzymatic activity may weaken specific regions of the aortic wall, thus increasing rupture risk, while 

statistical models incorporating wall stress and strength heterogeneity offer enhanced predictive value [70]. 

These principles have been incorporated into rupture risk calculation software, which focuses on external loads 

and geometry rather than patient-specific material parameters. 

Additional studies have introduced alternative rupture risk criteria. A comparison of maximum diameter, rupture 

risk index, and overpressure index revealed weak correlations between diameter and the other two measures. 

Another rupture risk criterion based on maximum stretch parameters showed a strong association between 

tissue stretch and physiological elastic modulus, though this method has yet to see clinical application [71]. 

Further exploration of rupture risk, by examining ratios of systolic to rupture or yield diameters, found significant 

relationships with systolic blood pressure and wall tension, but not with aneurysm diameter. Finite element 

analyses reinforced the conclusion that rupture risk is more accurately predicted by peak wall stress and tension-

strain modulus than by overall diameter, thus supporting the argument that biomechanical models provide 

superior rupture predictions compared to diameter-based approaches. [72]. 

Treatment 

Currently, surgical repair remains the primary treatment option for aortic dissection to prevent aortic rupture, 

as no effective pharmaceutical therapies have been proven to halt the progression of aortic growth or prevent 

rupture. While surgical techniques have become more advanced and less invasive, there remains a strong need 

to explore alternative medical treatments targeting the underlying mechanisms of aneurysm formation and 

dissection [73].  

Endovascular treatments like thoracic endovascular aortic repair (TEVAR) have largely replaced open aortic 

surgery for managing distal aortic dissections. However, for acute Type A aortic dissections, open surgery remains 

the gold standard. TEVAR has been applied in a limited number of Type A cases, mainly in patients deemed high-

risk for surgery due to advanced age or comorbidities. The major challenge of using TEVAR in the ascending aorta 

is the dynamic motion of the aorta and the proximity to critical anatomical structures, such as the aortic valve, 

coronary arteries, and supra-aortic vessels. Endografts specifically designed for the ascending aorta are not yet 

widely available, limiting the current application of endovascular treatment in Type A dissections [74], [75]. 

Another innovative surgical technique, Personalised External Aortic Root Support (PEARS), involves placing a 

customized mesh sleeve around the aorta to halt its dilation and reduce dissection risk. Long-term follow-up of 

almost 400 cases has shown promising results, with PEARS effectively preventing further aortic root enlargement 

and dissection [76]. 
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Preventing the dilation and rupture of the false lumen over the long term is another area of active research. One 

promising approach involves inducing complete thrombosis of the false lumen by occluding entry or re-entry 

tears. This can be achieved using stent-graft coverage or through endovascular techniques with vascular occluder 

devices and coils. Initial results from selected cases have demonstrated the feasibility and benefits of this 

approach in reducing the risk of rupture [77]. 

Follow-Up and Surveillance  

Given that aortic dissection can affect the entire aorta and its branches, regular follow-up and long-term 

surveillance are essential for optimizing patient outcomes. Studies show a 10-year survival rate of 30–60% in 

patients with acute aortic dissection. Medical management, including the use of beta-blockers, angiotensin-II 

receptor blockers, and statins, is crucial to maintaining blood pressure control and reducing inflammation. 

Imaging studies, especially ECG-gated CTA or MRI, are key in monitoring patients for signs of disease progression 

or post-surgical complications. Patients with genetic predispositions for aortic dissection require even more 

careful monitoring and personalized care plans, which may include lifestyle modifications, family planning, and 

pre-emptive surgeries. Genetic counseling plays a vital role in managing these patients by assisting with pre-

symptomatic genetic testing and family pedigree analysis [76]. 

Patients often face both physical and psychological challenges following treatment for aortic dissection. The 

traumatic nature of the condition, combined with the stress of long-term management, can result in significant 

emotional distress. Multidisciplinary care, including mental health support and patient-centered rehabilitation, 

is recommended to address these complex needs [78]. 

Mental Health Impact  
Quality of life is significantly impacted in patients who experience aortic dissection (AD), particularly in terms of 

mental health and physical functioning. The diagnosis often triggers severe existential fears, as patients confront 

their mortality, with some expressing concerns about survival during hospitalization [79]. Even after discharge, 

patients remain hyper-aware of their physical condition, worrying about the possibility of recurrence or 

complications, which further contributes to stress. Compared to individuals who undergo surgery for chronic 

conditions like aortic valve replacement, AD patients exhibit lower quality of life (QoL), especially in areas such 

as vitality and mental health, partly because AD typically affects individuals who were otherwise healthy before 

the dissection. However, long-term improvements in health-related QoL (HRQoL) have been observed, with 

some studies showing better mental health outcomes over time, particularly as physical symptoms like pain 

subside and patients regain functionality [80]. 

Post-traumatic stress disorder (PTSD) is a common issue in patients with acute Type A aortic dissection, with 

about 23% of patients screening positive for PTSD, often experiencing persistent hypervigilance and reliving the 

traumatic event for several years after the dissection. Postoperative complications increase the likelihood of PTSD 

symptoms, while factors like regular exercise and employment appear to reduce its prevalence. Emergency 

surgery, especially in genetic conditions like Marfan syndrome, exacerbates patient anxiety, whereas minimally 

invasive procedures have been associated with better outcomes, regardless of whether the surgery was 

emergent or elective [81]. 

Post-traumatic growth (PTG), a phenomenon in which individuals experience positive psychological changes 

following trauma, has also been studied in cardiac patients, including those with aortic dissection. Factors such 

as personality traits, cognitive processing, and social support play critical roles in the likelihood of PTG, with 

extraversion being particularly associated with higher rates of growth. Insights from PTG in other cardiac 

conditions suggest that spiritual and faith-based factors may also contribute to positive long-term outcomes in 

aortic dissection patients [82]. 
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Aortic Wall Structure 

 

Figure 2: The structure of aortic wall. In aortic dissection, a tear in the intima allows blood to enter the media, 
forming an intimal flap and dividing the vessel into a true and false lumen. [76] 

 

The aortic wall is composed of three layers, each with distinct structural and functional components: the tunica 

intima, tunica media, and tunica adventitia. Each layer contributes uniquely to the mechanical properties, 

resilience, and function of the aorta, and they undergo different changes throughout life due to aging, disease, 

and mechanical stress. 

The tunica intima is the innermost layer of the aorta, and it plays a crucial role in maintaining the smooth 

interaction between blood flow and the vessel wall. This layer is primarily composed of endothelial cells, which 

form a monolayer that lines the lumen of the vessel. These endothelial cells are responsible for regulating 

vascular tone, maintaining a non-thrombogenic surface, and modulating inflammation. Endothelial cells release 

nitric oxide (NO), a vasodilator that helps maintain vessel relaxation and prevent platelet aggregation. This 

regulatory function of the intima is vital for preventing blood clot formation (thrombosis) and ensuring smooth 

blood flow. Beneath the endothelium, there is a thin layer of connective tissue known as the subendothelial 

layer, which includes elastic fibers. These fibers allow the aorta to stretch and recoil during the cardiac cycle. In 

young, healthy individuals, the intima is relatively thin, consisting primarily of the endothelial cells and the 

underlying internal elastic lamina, which separates the intima from the tunica media. However, with age, the 

intima thickens due to the accumulation of extracellular matrix proteins, mesenchymal cells, and lipids, leading 

to conditions such as atherosclerosis [83]. In this process, plaques form within the intima, narrowing the lumen 

and reducing blood flow. This thickening also contributes to the overall stiffening of the aorta, compromising its 

elastic properties and predisposing it to conditions like aortic dissection. 

The tunica media is the thickest and most structurally significant layer of the aortic wall, responsible for its elastic 

and contractile properties. The media is composed of smooth muscle cells (SMCs), elastic fibers, collagen, and 

proteoglycans, organized into lamellar units. Each lamellar unit contains two elastic laminae, between which 

smooth muscle cells and connective tissue are arranged. These lamellae are critical for the elasticity of the aorta, 

allowing it to expand and recoil in response to pulsatile blood flow. The number of lamellar units in the tunica 

media increases with the diameter of the aorta. In the ascending aorta and aortic arch, there can be up to 60 

lamellae in adults, while the descending aorta contains fewer lamellae, typically between 28 and 30 [84]. This 

regional variation reflects the different embryological origins of smooth muscle cells within the aorta. The SMCs 

in the ascending aorta and arch originate from the neural crest (ectoderm), while those in the descending aorta 
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are derived from the paraxial mesoderm (somites). Despite these differences, the ratio of aortic diameter to 

medial thickness remains consistent throughout the aorta, which ensures that the mechanical load is evenly 

distributed. The elastic fibers in the tunica media are essential for the aorta’s ability to absorb the energy of each 

heartbeat and maintain continuous blood flow during diastole. As the aorta expands under pressure, these fibers 

stretch and store mechanical energy, which is then released as the vessel recoils. This elastic property is crucial 

for reducing the workload on the heart and maintaining steady blood flow throughout the arterial system. 

Collagen fibers in the media provide additional tensile strength, preventing overstretching of the aorta, while 

proteoglycans help bind water and regulate tissue resilience. With aging, the tunica media undergoes significant 

changes, including medial degeneration (MD) [85]. MD is characterized by the breakdown of elastic fibers, 

increased collagen deposition, and loss of smooth muscle cells. These changes lead to reduced elasticity and 

increased stiffness, which compromise the aorta’s ability to withstand pulsatile stress. In conditions such as aortic 

aneurysms or Marfan syndrome, the media is particularly affected, as defects in the connective tissue can lead 

to progressive weakening and dilation of the aorta, increasing the risk of rupture. 

The tunica adventitia is the outermost layer of the aortic wall and provides structural support and protection. It 

is composed of loose connective tissue, primarily collagen fibers, fibroblasts, and elastin. The adventitia contains 

the vasa vasorum, a network of small blood vessels that supply the outer part of the aortic wall, particularly the 

tunica media and adventitia, with oxygen and nutrients [86]. This is crucial for the survival of the outer layers of 

the aorta, as diffusion from the lumen alone is insufficient to nourish the thick walls of large vessels like the 

aorta. The adventitia also contains nerve fibers from the autonomic nervous system, which help regulate vascular 

tone by controlling the contraction and relaxation of smooth muscle cells in the media. This layer is critical for 

the mechanical integrity of the aorta, as the collagen fibers within the adventitia provide tensile strength that 

prevents overexpansion and rupture under high-pressure conditions. As the aorta ages, the adventitia becomes 

thicker due to increased collagen deposition, contributing to overall vessel stiffness. The presence of 

inflammatory cells in the adventitia, particularly in pathological conditions like aortic aneurysms, can accelerate 

degeneration of the medial layer, further weakening the aortic wall. In aortic dissections, the integrity of the 

adventitia is particularly important, as rupture or weakening of this layer can lead to catastrophic outcomes, such 

as full-thickness rupture of the aortic wall. [87] 

Biomechanics of aorta 
The aorta behaves like an inflated tube, where arterial pressure creates mechanical stress, particularly 

circumferential and axial stress, which are the main forces acting on the aortic wall. As the aorta expands, its 

tissue volume stays constant, causing wall thinning due to stretching in both the circumferential and axial 

directions. In larger aortas, the wall becomes thicker due to an increase in medial lamellar units (MLUs), which 

maintain a consistent tension per MLU at approximately 2.0 ± 0.4 N/m [88]. Under normal arterial pressure, the 

circumferential wall stress in the ascending aorta measures around 92.51 ± 6.35 kPa [89]. Given that the aorta 

experiences dynamic pressure fluctuations with the cardiac cycle, the stress and strain within the wall oscillate 

accordingly. Additionally, the aorta becomes stiffer under hypertensive conditions compared to normal pressure 

levels, as stiffness increases with strain. Like other vessels, the aorta exhibits anisotropy, displaying different 

stiffness characteristics along the circumferential and longitudinal axes. 

Regarding wall shear stress (WSS) and strain due to blood flow, the aortic blood flow is unsteady, posing 

challenges to assumptions based on Poiseuille flow. Although the majority of blood flow occurs in the downward 

direction during most of the cardiac cycle, it reverses in late diastole. While a non-Newtonian model may be 

necessary to capture specific local blood flow characteristics, a Newtonian fluid model is sufficient for predicting 

WSS in large arteries like the aorta [90]. Haemodynamic factors, such as WSS, play a pivotal role in the 

development of vascular diseases, including aneurysms and atherosclerosis. Flow patterns impact disease 

progression by affecting endothelial homeostasis and influencing the behavior of smooth muscle cells and 

fibroblasts [91].  

Flow patterns within the thoracic aorta vary depending on valve morphology. In healthy individuals with tricuspid 

aortic valve (TAV), blood flow is broad and centrally distributed, whereas BAV patients exhibit asymmetric, high-

velocity jets near the aortic wall. The flow angle is also elevated in BAV, which contributes to increased regional 
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WSS in the ascending aorta [92]. Velocity streamlines in TAV show laminar flow parallel to the aortic wall, while 

BAV cases display eccentric jets that disrupt the flow and impinge on the greater curvature. Helical flow, which 

involves significant radial components, is another important aspect of thoracic aortic dynamics. This flow pattern 

results from factors such as ventricular twist, the mechanics of the aortic valve and root, and the curved 

morphology of the aorta [93]. Although helical flow can support normal organ perfusion, it is also implicated in 

plaque deposition. Differences in monocyte adhesion to the vascular wall, a critical factor in plaque formation, 

are linked to the radial component of velocity. In BAV patients, abnormal right-handed helical flow is associated 

with increased rotational flow, elevated WSS, and larger ascending aortas, particularly in cases of right-non cusp 

fusion [94]. However, some BAV patients with normal flow patterns exhibit WSS and aortic dimensions similar to 

those of healthy individuals. 
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Literature Review 
In recent years, the study of the mechanical properties of the aortic wall, particularly through direct tension 

testing in the radial direction, has been instrumental in understanding the underlying mechanisms that 

contribute to aortic dissection, aneurysm formation, and eventual failure. Aortic dissection, a serious and often 

fatal condition, involves the tearing of the aortic wall layers, typically propagating between the media and 

adventitia. This mechanical failure highlights the significance of understanding the tensile properties of the aortic 

wall in the radial direction, as these properties offer insight into how the wall withstands mechanical stress and 

the factors that lead to its failure. 

Radial tensile testing, as used by Sommer et al., provides a direct method to evaluate the strength of interlamellar 

connections within the media, a critical factor in dissection propagation. Their study revealed that radial failure 

stress in human abdominal aortas averaged 140.1 ± 15.9 kPa, a significant value that demonstrates the 

mechanical resilience of the aorta in the radial direction, though it was still lower compared to the circumferential 

and longitudinal directions [95]. This lower radial stiffness, compared to other directions, reflects the anisotropic 

nature of the aortic wall, which is structured to handle mechanical stress more effectively in the circumferential 

direction, where blood pressure exerts the greatest force. The findings of MacLean et al. support this, with their 

comparison of porcine thoracic aortas showing that radial failure stress was approximately half of that in the 

longitudinal and circumferential directions (61.4 ± 4.3 kPa versus 112.7 ± 9.2 kPa and 151.1 ± 8.6 kPa, 

respectively) [96] 

This discrepancy between the radial and circumferential mechanical properties underscores the role of the aortic 

wall’s layered structure. The aortic media, composed primarily of elastin and collagen, contributes to the wall’s 

elasticity and strength. However, the behavior of these fibers differs depending on the direction of applied stress. 

In the circumferential direction, collagen fibers align and stiffen in response to increased strain, contributing to 

the wall's ability to resist higher forces. In the radial direction, however, the fibers are less aligned and provide 

less mechanical support, which is reflected in the lower failure stress values observed in radial tensile tests [97]. 

This difference in fiber alignment and behavior is critical to understanding why the aortic wall tends to fail 

through peeling mechanisms, as observed in radial dissection studies. As the wall separates between layers, the 

elastin fibers lose cohesion, leading to lamellar decohesion, a process documented in several studies [98] 

Further supporting these findings is the work of Schriefl et al., who analyzed the ultimate tensile stress in the 

radial, circumferential, and longitudinal directions. Their results indicated that the mechanical strength in the 

circumferential direction (1282 ± 822 kPa) far exceeded that in the radial direction (131 ± 56 kPa) [99]. This 

anisotropic behavior can be explained by the preferred alignment of collagen fibers in the circumferential 

direction, which allows the aortic wall to withstand higher pressures from blood flow while sacrificing strength 

in the radial direction. Such anisotropy is crucial for the aorta’s function, as it needs to remain elastic enough to 

accommodate pulsatile blood flow, while still resisting circumferential expansion. [100] 

A critical aspect of understanding the mechanical behavior of the aortic wall is recognizing the differences in 

mechanical properties across individuals, particularly in patients with aortic pathologies. Pasta et al. [101] 

studied the mechanical properties of aortic tissue in patients with ascending thoracic aortic aneurysms (TAA), 

comparing the delamination strength of the intima and adventitia in individuals with bicuspid aortic valves (BAV) 

and tricuspid aortic valves (TAV). Their results indicated that the intimal portion of the aortic wall failed before 

the adventitial portion in patients with TAA, with the delamination strength significantly lower in those with BAV 

compared to TAV patients. This finding highlights the impact of valve morphology on the mechanical properties 

of the aortic wall, as the altered hemodynamics in BAV patients may lead to earlier or more severe structural 

weakening. The importance of considering anatomical variations, such as valve morphology, is thus critical for 

understanding patient-specific risks of aortic dissection and aneurysm formation. 

The structural integrity of the aortic wall, particularly in the context of radial tension, has also been explored 

through direct tension testing on healthy and pathological tissues. Sommer et al. [102] observed that during 

radial tension tests, the aortic media exhibits a linear elastic response at small displacements, followed by a 

region of damage accumulation and eventual tissue failure. This behavior reflects the inherent limitations of the 
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radial direction in handling stress, with the aortic media showing limited elasticity compared to the 

circumferential direction, where collagen fibers progressively recruit to provide increasing stiffness [103]. The 

average radial stiffness values reported in this study (559 ± 264 kPa) align closely with circumferential stiffness 

values in the literature, reinforcing the idea that while the aortic wall is anisotropic, it still exhibits considerable 

mechanical resilience across different directions of stress [104]. 

Direct tension testing has also been instrumental in revealing the failure mechanisms of diseased aortic tissue. 

In their study on atherosclerotic intima-media specimens, researchers observed that these tissues exhibited 

significantly lower radial failure stresses compared to healthy tissues [105]. The presence of atherosclerotic 

plaques, associated with intimal thickening and calcification, contributes to the stiffening of the arterial wall, 

reducing its ability to deform elastically. The resulting mechanical response is characterized by a steep initial 

slope in the force-displacement curve, followed by a nonlinear region where tissue defects begin to form. 

Ultimately, the tissue fails at much lower stresses than healthy specimens, reflecting the impact of disease on 

the mechanical integrity of the aortic wall. 

The anisotropy of the aortic wall, with its lower mechanical strength in the radial direction compared to the 

circumferential direction, raises important questions about the mechanisms of dissection propagation. As shown 

in studies like those by Sommer et al. [98] and MacLean et al. [106], the peeling-like mechanism observed during 

radial failure likely stems from the lamellar structure of the media, where the separation of layers occurs more 

easily in the radial direction due to the weaker interlamellar bonds. This lamellar separation is particularly 

relevant in the context of aortic dissections, where the dissection often propagates tangentially, either 

circumferentially or longitudinally, once initiated. The low radial failure stress suggests that once a tear occurs in 

the aortic wall, it can easily spread along the lamellae, contributing to the rapid progression of aortic dissections. 

These findings have significant implications for the clinical understanding of aortic dissection and aneurysm 

formation. Understanding the directional differences in mechanical properties is essential for assessing the risks 

associated with aortic wall failure, particularly in patients with predisposing conditions like BAV, TAA, or 

atherosclerosis. The lower delamination strength in BAV patients, as highlighted by Pasta et al., suggests that 

such individuals may be at higher risk for early dissection or aneurysm rupture [101]. These insights underscore 

the importance of personalized approaches in the diagnosis and management of aortic disease, where valve 

morphology, age, and the presence of atherosclerotic disease must all be considered when assessing a patient’s 

risk profile. 

Additionally, future studies would benefit from incorporating microscopic histological analyses alongside 

mechanical testing, as this would provide a more detailed understanding of the underlying structural changes 

that contribute to the observed mechanical behaviors. Histological studies could reveal how the distribution of 

collagen and elastin fibers, as well as the presence of microdefects, affects the mechanical response of the aortic 

wall under radial tension. Such analyses would be particularly valuable in understanding the progression of 

diseases like atherosclerosis and aneurysms, where tissue degeneration plays a key role in weakening the wall 

and increasing the risk of failure [107]. 

Overall, the literature on radial tensile testing of the aortic wall highlights the importance of understanding the 

mechanical properties of the aorta in various directions, particularly in the radial direction where the wall is most 

vulnerable to failure. The anisotropic nature of the aortic wall, the role of valve morphology, and the impact of 

disease all contribute to the complex mechanical behavior of the aorta. These factors must be considered when 

assessing the risk of aortic dissection or aneurysm rupture, as they provide critical insights into the wall's ability 

to withstand mechanical stress and the factors that lead to its failure. As research continues, combining 

mechanical testing with histological analysis will provide a more complete picture of the factors driving aortic 

wall failure, ultimately contributing to better diagnostic and therapeutic strategies for patients with aortic 

disease. 
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Methodology 
Material 
In the present study, 12 human ascending aortas age range 33– 76 yr (mean 53,55 yr), ten males and two females 

were harvested during open surgical repair of ascending aortic aneurysms. After harvesting, the specimens were 

stored in a calcium-free and glucose-free 0.9% physiological saline solution at 4 °C until use. Use of material from 

human subjects was approved by the Ethics and Professional Conduct Committee of Hygeia. All tests were 

performed within 48 h from surgery. The period needed to collect the data is approximately six months, from 

September 2023 to February 2024. The following table presents in detail the age and gender of each patient. 

# Gender Age Valve 
Type 

Hypertension Aortic Valve 
Diseases 

Other 
Syndromes 

1 F 67 TAV Yes Regurgitation No 

2 M 50 TAV Yes No No 

3 M 54 TAV Yes Regurgitation No 

4 M 34 BAV Yes Regurgitation No 

5 M 33 TAV No Regurgitation Marfan 

6 M 74 TAV Yes No No 

7 M 76 BAV No Regurgitation No 

8 M 37 TAV No Regurgitation No 

9 F 56 TAV No Regurgitation No 

10 M 53 TAV No No No 

11 M 55 BAV No No No 

12 M 54 TAV No No No 

Table 1: Pre-operative patient characteristics. 

Specimen Preparation 
We conducted a mechanical failure test of the aortic wall layers of the specimens—direct tension test. Initially, 

the sections of thoracic aorta taken are examined for the presence of any loose adherent tissue or epicardial 

stroma and carefully cleaned. They are then cut in such a way that only the part of the ascending aorta of interest 

remains. 

The AAos were then cut along the axial direction to obtain flat rectangular tissue sheets, as shown in the figures 

below. After converting the specimen into a longitudinal segment, its four regions are marked: the left and right 

lateral, the anterior and the posterior depending on its position in the aorta, as shown in Figure 4. 
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A B 
Figure 3: (a) the part of the ascending aorta of interest. (b) The AAos were then cut along the axial direction to 

obtain flat rectangular tissue sheets 

 

 

Figure 4: Patient11, After converting the specimen into a longitudinal segment, its four regions are marked: the 
left and right lateral, the anterior and the posterior depending on its position in the aorta. The exact location of 

each specimen is mapped, and a sketch is drawn representing each aortic sample divided into its individual 
segments. 

A cylindrical blanking tool was used to punch out coin-shaped specimens from each region for the direct tension 

test (8.13±0.20 mm diameter, and 2.25±0.20 mm thickness). Radial tension test specimens were obtained from 

each of the 12 different ascending aortas (AAs). Multiple specimens were extracted from the same aorta. As 

shown in Fig. 4, coin-shaped specimens were taken from each quadrant of the ascending aortic wall. Depending 

on the size of the tissue and each section, a varying number of experiments were conducted for each case, with 

the left lateral quadrant yielding the fewest samples per patient due to its morphology. 



30 
 

The exact location of each specimen is mapped and a sketch is drawn representing each aortic sample divided 

into its individual segments. Above is an example of specimen mapping after processing the image of the aortic 

segment of patient 11. 

Because the sample size examined was large, the need arose to apply some coding to facilitate the processing 

and recording of the results. Thus, each trial has a specific name, which is of the form: abcd where a, b, c and d 

are variables. The meaning of each variable is given below.  

a: is used to denote the serial number of the patient. Each patient was assigned a number which indicates the 

order in which he/she was experimentally tested.  

b: indicates the region in which the sample is located and can take the values: a for anterior, p for posterior, ll for 

left lateral and rl for right lateral.  

c: shall be used to indicate the serial number of the specimen for that region. This number indicates the order in 

which it was experimentally tested. 

d: can take the values in and out, and are used to indicate which layer the initial incision was made in, in for 

between intima and media and out for between media and adventitia.  

Therefore, according to the above, the name for example 1ll2in, corresponds to a tissue that comes from the 

first patient tested, belongs anatomically to the left lateral region, is the second specimen in a row tested from 

this region and has an initial incision made between intima and media layer. 

Prior to conducting the direct tension tests, final specimen preparations were essential. Just before mounting 

the specimens on the testing equipment, a precise circumferential incision was made around each coin-shaped 

specimen. This cut, approximately 1.0 mm in depth, resulted to reduced tissue diameter from its original 8.0 mm 

to a final 6.0 mm. The purpose of this undercut was to create a predefined site for failure initiation and it was 

carefully executed using a specially modified surgical blade. A superadhesive gel was used to ensure that the 

specimens remained firmly attached to the grips of the testing machine throughout the loading process. A visual 

representation of a specimen prepared for direct tension testing can be found in Figure 6. 

 

 

Figure 5: Schematic representation of the uniaxial tensile test. The applied tensile force is defined as F, the initial 
length of the specimen is L0, and the elongation of the specimen is ΔL. Essentially, the experiment records the 

magnitude of ΔL as a function of the load (F). 
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Figure 6: A representative specimen, ready for a direct tension test 

The process of making the initial incision into the arterial layers was carried out with meticulous surgical 

techniques, utilizing a fine scalpel. Two specific types of incisions were tested: for the inner incision, the 

dissection began between the intima and media layers of the arterial wall, while the outer incision initiated 

separation between the media and adventitia layers. These distinct regions were selected due to their differing 

mechanical properties, which allowed for a clear distinction between tissue behaviors during the separation 

process. The varying elasticity and structural composition of the layers made it possible to study the different 

mechanical responses of each. 

Throughout the dissection and testing, every effort was made to minimize any unintended mechanical damage 

to the tissue layers. To ensure the integrity of the specimens, they were regularly immersed in a 0.9% 

physiological saline solution, which helped maintain their hydration and closely simulated in vivo conditions. 

Proper hydration was critical to preserving the tissue’s natural mechanical properties and avoiding the 

degradation that could occur in a dry environment. This careful preparation and handling allowed for accurate 

and reproducible results, ensuring that the mechanical behavior observed during testing reflected the true 

characteristics of the tissues under investigation. 

  



32 
 

Mechanical Testing  

Device 
The mechanical properties of the aortic specimens were measured on a fully automated Vitrodyne V1000 

Universal tensile testing machine (Liveco Inc, Burlington, VT, USA). This device has been specifically selected for 

performing uniaxial tensile testing experiments on biological tissues. The experiments were conducted at 

Biomedical Research Foundation (BRFAA) of the Academy of Athens, usually within 48 hours from surgery.  

The tensile machine consists of the main tensile unit and the control unit. The tensile unit consists of the support 

base, two especially developed specimen grips, the drive piston and the load and displacement gauge, 

experimental setup shown in Fig. 7. The device is connected to a computer and by using appropriate software 

(Material Witness V2.0.2 Liveco Inc, Burlington, VT, USA) it is possible to store the load and displacement data 

(ForcePosition) for further processing. 

The device for recording the intensive state is equipped with a force cell with a maximum load of 500g and a 

sensitivity of 0.25g and a maximum displacement of 20000um. No specimen showed tensile load resistance 

greater than 500g. The sampling frequency of the machine is set at 10Hz, i.e. one measurement is taken every 

0,1sec. Of the two grips carried by the machine, the lower grip remains fixed, while the upper one is connected 

to the piston which exerts a tensile load on the specimens at a speed of 200 um/sec.  

  
 

Figure 7: Experimental setup, the tensile machine consists of the main tensile unit and the control unit. 
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Direct Tension Test Protocol 
Cyanoacrylate adhesive was applied to both the upper and lower grips of the testing apparatus. The coin-shaped 

specimen was carefully positioned onto the lower, stationary grip, after which a compression load of 1.0 N was 

exerted for approximately five minutes. This allowed sufficient time for the adhesive to fully react and bond the 

specimen securely. Before commencing the actual test, the specimen was thoroughly moistened with a 0.9% 

saline solution to maintain its physiological properties and prevent dehydration, ensuring that the test conditions 

closely mimicked a natural environment. 

During the mechanical testing, the extension rate was precisely controlled at 1.0 mm/min, with continuous 

monitoring of the resisting force exerted by the specimen. This steady rate of extension ensured that the 

mechanical response of the material could be measured accurately throughout the test. The recorded force-

displacement data provided insight into the specimen’s behavior under tensile stress. 

After the specimen had completely separated, the zero-load reference point was defined, marking the end of 

the test. Following this, the failure surface was inspected visually to identify the exact location of material failure. 

It was observed that, in several instances, the failure did not occur at the incision site but rather at the point 

where the specimen was attached to the grip using the adhesive. This type of failure, occurring at the bonded 

region, indicated that the specimen may not have been properly loaded or that the adhesive bond was weaker 

than the specimen’s intrinsic material strength. As such, any tests where this form of adhesive failure was 

observed were discarded, and the data were not included in subsequent analyses. 

For successful tests, where failure occurred at the intended location within the specimen, the results were 

considered valid. A representative image illustrating the final stage of a properly executed direct tension test is 

presented in Figure 8, showing the specimen at the moment of separation under tensile load. This visual 

confirmation served to validate the integrity of the test process and the accuracy of the data collected from 

specimens that failed at the expected region. 

 

 

Figure 8: A representative photograph of the end stage of a successful direct tension test. 
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Analysis  

Strength of materials  
The aim of the current study is to calculate the mechanical properties of the layers of the thoracic aortic wall. In 

the failure analysis conducted, the following quantities are calculated: the stress of the tissue, the strain at this 

stress, and the modulus of elasticity, in elastic and plastic region and at the ending point each experiment.  

Strength of materials is a fundamental concept in mechanics, focusing on the behavior of solid objects when 

subjected to external forces or loads. Understanding how materials respond to these forces—whether through 

deformation, stretching, or even failure—is critical in designing structures, devices, or biological systems that can 

withstand applied stresses. The study of material strength involves key parameters such as stress, strain, 

elasticity, plasticity, and failure mechanisms, all of which are essential for predicting how a material will behave 

under various conditions. These principles are particularly important when dealing with soft tissues, which 

exhibit complex mechanical behavior due to their viscoelastic and anisotropic nature. 

To understand the strength of materials, it is necessary to first define stress and strain. Stress is a measure of the 

internal forces acting within a material in response to an applied load, and it is defined as force per unit area. 

Mathematically, stress is given by the equation: 

= 
𝐹 

𝐴
  (𝑁/𝑚 2) 

where σ represents stress, F is the applied force, and A is the cross-sectional area over which the force is 

distributed. Stress has units of pressure (typically Pascals in the SI system), and it provides insight into how much 

force is being applied to a material relative to its size. 

Strain, on the other hand, is a dimensionless quantity that measures the deformation of a material in response 

to an applied stress. It is the ratio of the change in length to the original length of the material, defined by the 

equation: 

𝜀 =
𝛥𝐿

𝐿0

 

where ϵ is the strain, ΔL is the change in length, and L0 is the original length of the material. Strain describes how 

much a material stretches or compresses when subjected to stress, and it is typically expressed as a percentage 

or a ratio. 

The relationship between stress and strain can be represented by a stress-strain curve, which is a critical tool in 

the analysis of material strength. This curve provides a visual representation of how a material responds to 

increasing stress, showing the different regions of material behavior, from elastic deformation to plastic 

deformation, and finally, to failure. 
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Figure 9: Typical stress-strain curve for soft tissue [108] 

In the initial phase of the stress-strain curve, the material behaves elastically. In this elastic region, the 

relationship between stress and strain is linear, meaning that the material deforms proportionally to the applied 

load and returns to its original shape when the load is removed. This behavior is described by Hooke's Law, 

which states: 

𝜎 = 𝛦𝜖 

where E is the Young’s modulus or elastic modulus, a constant that characterizes the stiffness of the material. 

For soft tissues, the elastic modulus is typically lower than that of rigid materials like metals or ceramics, 

reflecting their ability to deform more easily under stress. Soft tissues like skin, arteries, or tendons exhibit 

significant elastic behavior under physiological conditions, allowing them to stretch and recoil as needed without 

permanent deformation. 

As the applied stress increases beyond the elastic limit, the material enters the plastic region. In this phase, the 

stress-strain relationship becomes nonlinear, and the material begins to deform permanently. This means that 

once the load is removed, the material will not return to its original shape. The onset of plastic deformation is 

marked by the yield point, which separates the elastic and plastic regions. For soft tissues, this plastic behavior 

may occur when subjected to abnormally high stresses, such as during trauma or pathological conditions, where 

permanent tissue damage can occur. 

In the plastic region, the material exhibits strain hardening, meaning that additional stress is required to continue 

deforming the material. The curve continues to rise, but at a slower rate than in the elastic region. Eventually, 

the stress reaches a maximum value, known as the ultimate tensile strength (UTS). This point represents the 

highest stress that the material can withstand before it begins to fail. 

Following the UTS, the material enters the necking region, where localized reduction in cross-sectional area 

occurs. As the material continues to deform, the stress begins to decrease, and the material approaches its 

fracture point, where it ultimately breaks apart. For soft tissues, the fracture point might correspond to a tear or 

rupture, such as the tearing of a ligament or the dissection of an artery. In such cases, the tissue has been 

overstretched beyond its physiological limit, leading to irreversible failure. 
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Processing Of Experimental Data 
The goal of the present study is to investigate the dissection properties of the thoracic ascending aorta by means 

of direct tension tests. The direct tension test demonstrates the strength in the radial direction. 

In this study, each specimen underwent a direct tension test, during which force and displacement were recorded 

continuously. This testing method allowed us to observe the mechanical behavior of the material until it 

ultimately failed. From the data obtained, we focused on key points along the force-displacement curves, such 

as the elastic region, the failure point, and the ending point, to further analyze the material's properties. For 

each test, we calculated stress, strain, and the elastic modulus, which were essential in understanding the 

behavior of the material under tension. 

The force-displacement data collected from each test was used to generate a diagram for each specimen, which 

visually represented the material's response to the applied force. Initially, as the force increased, the material 

entered the elastic region, where displacement occurred proportionally to the applied force. This elastic behavior 

was characterized by a linear relationship between force and displacement, indicating that the material could 

return to its original shape after the load was removed. Identifying this region was crucial for calculating the 

elastic modulus, which reflects the stiffness of the material. 

To determine the elastic modulus, we examined the slope of the force-displacement curve in this initial linear 

phase. A steeper slope in the elastic region indicated a higher elastic modulus, meaning the material exhibited 

greater resistance to deformation under applied stress. By calculating this modulus for each specimen, we 

obtained a measure of the material's inherent stiffness, which provided insight into its capacity to withstand 

mechanical loads. The elasticity of the material was thus a central parameter in understanding its mechanical 

properties, particularly its ability to maintain structural integrity under physiological conditions. 

As the force continued to increase, the material began to exhibit plastic deformation. Beyond the elastic region, 

the force-displacement curve became non-linear, signifying that the material was undergoing permanent 

deformation. The plastic region was an important part of the analysis because it highlighted the material's ability 

to absorb energy and deform before reaching its failure point. The failure point was identified as the maximum 

value on the force-displacement curve. At this point, the material could no longer sustain the applied load, and 

its structural integrity was compromised. A sharp drop in force followed this point, marking the point of rupture 

of the specimen. After the failure point, the force rapidly decreased as the material was torn apart, and the curve 

approached the ending point. This point corresponded to the complete rupture of the specimen, and the force 

recorded at this stage was zero.  

In order to perform a more detailed analysis, the force and displacement data were used to calculate the stress 

and strain at each of these key points. These values allowed us to translate the raw force-displacement data into 

more fundamental mechanical properties, providing a clearer understanding of the material's behavior 

independent of its specific geometry or size. The calculation of stress involved dividing the recorded force by the 

cross-sectional area of the coin-shaped specimen. This conversion allowed us to assess the intensity of the 

applied load relative to the size of the material, ensuring that the results were comparable across different 

patients and quadrants of aortic tissue. Strain, on the other hand, was calculated by dividing the displacement 

by the original length of the specimen, that here corresponds to the thickness of each specimen.  

Once stress and strain were calculated, we generated stress-strain curves for each specimen. These curves 

offered a more precise representation of the material’s mechanical properties, as they eliminated the influence 

of specimen size and focused solely on the material's response to the applied load. The slope of the stress-strain 

curve in the elastic region was used to verify the elastic modulus calculated earlier from the force-displacement 

data, ensuring consistency across different analytical approaches. 

For the analysis of the plastic region, a fourth-degree polynomial fitting was applied to the non-linear portion of 

the force-displacement curve.  

𝜎(𝜖) = 𝑎4𝜖4 + 𝑎3𝜖3 + 𝑎2𝜖2 + 𝑎1𝜖 + 𝑎0 
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where a4, a3, a2, a1, and a0 are constants determined through curve fitting to the experimental data.  

This polynomial fitting allowed for a more accurate representation of the material's behavior beyond the elastic 

limit, where the response of the specimen to the applied force no longer followed a simple linear pattern. Once 

the polynomial curve was fitted to the data, it was differentiated to obtain its derivative. 

𝑑𝜎

𝑑𝜖
= 4𝑎4𝜖3 + 3𝑎3𝜖2 + 2𝑎2𝜖 + 𝑎1 

 

The maximum value of this derivative provides insight into the material's peak elastic modulus, which is a 

measure of how the material's stiffness evolves as it undergoes plastic deformation. In soft tissues, this modulus 

is particularly relevant for understanding how the tissue resists further deformation once it has been stretched 

beyond its elastic limit. This approach allows for a more detailed analysis of the mechanical behavior in the plastic 

region, especially in cases where the material exhibits complex, nonlinear responses.  

Below are some indicative initial force-displacement diagrams, along with the fitting parameters of the 

polynomial curve obtained from the analysis software. Additionally, the diagram of the first derivative of the 

polynomial curve is provided. The maximum point of this derivative curve was defined as the peak elastic 

modulus. 

 

Figure 10: Force-Displacement graph, along with the fitting parameters of the polynomial curve obtained from 
the analysis software for specimen 7a7out. 
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Figure 11: First derivative of the polynomial curve of specimen 7a7out. The maximum point is depicted. 

 

Figure 12: Force-Displacement graph, along with the fitting parameters of the polynomial curve obtained from 
the analysis software for specimen 10a2out. 
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Figure 13: First derivative of the polynomial curve of specimen 10a2out. The maximum point is depicted. 

 

Figure 14: Force-Displacement graph, along with the fitting parameters of the polynomial curve obtained from 
the analysis software for specimen 11rl8out. 
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Figure 15: First derivative of the polynomial curve of specimen 11rl8out. The maximum point is depicted. 

 

Figure 16: Force-Displacement graph, along with the fitting parameters of the polynomial curve obtained from 
the analysis software for specimen 1rl8out. 



41 
 

 

Figure 17: First derivative of the polynomial curve of specimen 1rl8out. The maximum point is depicted. 
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Results 
Maximum force (Fmax) for each specimen  
In this study, the mechanical properties of aortic wall specimens were assessed through two distinct incisions: 

one made between the intima and media layers (inner incision), and the other between the media and adventitia 

layers (outer incision). This approach was designed to study the propagation of rupture across the different layers 

within the aortic wall and how they respond to mechanical stress up to the point where the force reaches zero. 

By focusing on the maximum force (Fmax) at tissue failure for each specimen, the analysis provides valuable 

insights into the mechanical strength of the aortic wall based on the location of the incision. 

A total of 74 specimens were tested, divided into two groups: 35 specimens for the inner incision and 39 for the 

outer incision. The two graphs presented below depict the Fmax values recorded for each specimen and the 

average Fmax for the respective groups. The first graph illustrates the maximum force at failure for each specimen 

following an inner incision, while the second graph focuses on specimens where failure occurred following an 

outer incision. These visual representations highlight the variability in mechanical strength across all tested 

samples, emphasizing how the aortic wall performs differently depending on the anatomical layers involved in 

the failure process and each patient’s characteristics. 

 

Figure 18: Maximum force (Fmax) recorded for each specimen when the initial incision is taking place between 
the intima and media layers (inner) 
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Figure 19: Maximum force (Fmax) recorded for each specimen when the initial incision is taking place between 
the media and adventitia layers (outer) 

 

The results of the mechanical tests reveal distinct differences in the performance of aortic wall specimens based 

on the location of the incision. For specimens with an inner incision, the maximum force at failure (Fmax) ranged 

from 42.75g to 101.25g, with an average of 73.53g and a standard deviation of 16.27g. This indicates a relatively 

consistent performance in terms of mechanical strength for this group, with most values clustered around the 

average. The spread of data suggests that the mechanical properties of the aortic wall in this region may be more 

uniform among the specimens tested. 

In contrast, the specimens with an outer incision, where rupture occurred between the media and adventitia 

layers, exhibited a wider range of Fmax values, from 33.25g to 108g, with a lower average of 64.18g and a higher 

standard deviation of 18.13g. This suggests greater variability in the mechanical properties of the aortic wall 

when the outer layers are involved. The wider range and higher variability in the outer incision group could reflect 

heterogeneity in the structure and mechanical performance of the outer layers of the aorta among different 

specimens. 

The comparison between the two groups shows that, on average, specimens with an inner incision exhibited 

higher mechanical resistance to failure than those with an outer incision. This suggests that the aortic wall may 

be more resistant to mechanical stress when failure is initiated between the intima and media layers compared 

to the media and adventitia layers. Additionally, the greater variability observed in the outer incision group points 

to more inconsistent mechanical behavior in the outer regions of the aortic wall. 
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Comparison between layers and anatomical regions 

Force - Displacement Curves  
For the direct tension test, a total of 74 force-displacement curves were gathered to capture the mechanical 

behavior of the aortic wall specimens during radial extension. These curves represent the progression of 

mechanical forces applied to the coin-shaped specimens up to the point where the force reaches zero. The 

specimens were categorized by the type of incision—either inner (between the intima and media) or outer 

(between the media and adventitia)—as well as by their anatomical position within the aorta: left lateral (LL), 

right lateral (RL), anterior (A), and posterior (P). Due to the anatomical shape of the left lateral region, fewer 

specimens were available from this area, which impacted the total number of curves collected from it. Thus, 

eight different groups of curves were analyzed, corresponding to each region and incision type. 

 Inner Outer 

Anterior 10 11 

Right 
Lateral 

13 15 

Posterior 6 9 

Left Lateral 6 4 

Table 2: Number of specimens for each incision type and anatomical region within the aorta 

To visualize the overall mechanical performance for each of these groups, an average curve was calculated using 

data processing software, OriginPro 8.5. This average curve, represented by a thick and solid red line, was 

computed from the collected data and provides a general depiction of how the tissue responds under tension 

for each layer and region. After the complete separation of a specimen, the force dropped to zero, reaching what 

is referred to as the zero-load level. This final point corresponds to a specific radial displacement, which varied 

across the specimens. Notably, each individual test concluded at a different point on the displacement axis, 

ranging from approximately 3.2mm to 12.2mm. Despite this variability, the mean curve was extended beyond 

the first specimen’s ending point to ensure consistency in the comparison. 

 

Figure 20: Force-displacement curves for the specimens from the anterior region with an inner incision. 
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Figure 21: Force-displacement curves for the specimens from the anterior region with an outer incision. 

 

Figure 22: Force-displacement curves for the specimens from the left lateral region with an inner incision. 

 

Figure 23: Force-displacement curves for the specimens from the left lateral region with an outer incision. 
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Figure 24: Force-displacement curves for the specimens from the posterior region with an inner incision. 

 

Figure 25: Force-displacement curves for the specimens from the posterior region with an outer incision. 

 

Figure 26: Force-displacement curves for the specimens from the right lateral region with an inner incision. 
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Figure 27: Force-displacement curves for the specimens from the right lateral region with an outer incision. 
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Yield Force (Fyield) 

 

Figure 28: Comparison of Yield Force (Fyield) across aortic wall regions and layers. 

The plot reveals significant differences in the mechanical properties of the aortic wall across the four anatomical 

regions and between the inner and outer layers. 

The left lateral (ll) region presents the highest Fyield value for the inner layer, with a yield force of 21.63 g. This 

suggests that the intima-media interface in this region has the greatest resistance to rupture initiation under 

tensile loading. The outer layer in this region, however, shows a much lower Fyield of 14.17 g, indicating that the 

media-adventitia interface is more prone to rupture. The large difference between the inner and outer layers in 

the left lateral region suggests a significant mechanical disparity, with the inner layers playing a more dominant 

role in resisting rupture. 

The posterior region also exhibits high Fyield values for the inner layer at 21.19 g, close to the left lateral region. 

The outer layer in the posterior region has a lower Fyield of 15.84 g, showing that, while still relatively strong, the 

outer layer in this region is not as resistant to rupture as the inner layer. The smaller difference between the 

inner and outer layers in the posterior region compared to the left lateral region indicates that both layers 

contribute more evenly to the mechanical resistance of the aortic wall in this area. 

In the anterior region, the inner layer has an Fyield of 15.21 g, and the outer layer shows a slightly higher value at 

16.18 g. This suggests that in this region, the outer layer (media-adventitia) is marginally stronger than the inner 

layer (intima-media) in resisting rupture initiation. The relatively close values between the two layers indicate a 

more uniform mechanical response across the wall in the anterior region compared to the other regions. 

The right lateral (rl) region presents the lowest Fyield value for the outer layer, at 13.15 g, suggesting that the 

media-adventitia interface is the weakest in this region and more prone to rupture under tensile loading. The 

inner layer in this region has a moderately higher Fyield of 16.58 g, indicating that the intima-media interface is 

stronger than the outer layer but still not as resistant as the posterior or left lateral inner layers. 

In summary, the left lateral region has the highest Fyield for the inner layer, reflecting its superior resistance to 

rupture, while the right lateral region has the lowest Fyield for the outer layer, suggesting that it is more 

vulnerable. The posterior region also shows high resistance in the inner layer, while the anterior region presents 

more balanced mechanical properties between the inner and outer layers. These variations highlight the 

complexity of rupture behavior in different regions of the aneurysmatic aorta and the distinct roles that the inner 

and outer layers play in mechanical resistance. 
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Elastic Modulus 

 

Figure 29: Comparison of Elastic Modulus across aortic wall regions and layers. 

 

For the elastic modulus plot, we observe differences between the inner and outer layers across the various aortic 

regions, reflecting their stiffness in the elastic region of deformation. 

In the posterior region, the inner layer exhibits the highest elastic modulus at 0.50, suggesting that this layer is 

the stiffest and offers the greatest resistance to initial deformation. The outer layer in this region has a lower 

elastic modulus of 0.29, indicating that the media-adventitia boundary is more compliant compared to the 

intima-media boundary. The significant difference between the two layers implies that, in the posterior region, 

the inner layer plays a more dominant role in maintaining structural integrity during the initial elastic phase of 

loading. 

In the left lateral region, the outer layer has the highest elastic modulus overall, with a value of 0.80, indicating 

a very stiff outer structure in this region. In contrast, the inner layer in the left lateral region has a much lower 

elastic modulus of 0.22, which is the lowest among all regions. This large discrepancy between the inner and 

outer layers suggests that in the left lateral region, the outer layer is responsible for resisting initial deformation, 

while the inner layer is much more compliant, indicating a high degree of flexibility or vulnerability in the intima-

media interface. 

The right lateral region presents an interesting contrast, with the outer layer showing a relatively high elastic 

modulus of 0.50, which is greater than the inner layer's value of 0.26. This indicates that, in the right lateral 

region, the outer layer is stiffer and more resistant to elastic deformation than the inner layer, a reversal of the 

trend seen in other regions where the inner layer is often stronger. This suggests that the media-adventitia 

interface in this region is crucial for maintaining the mechanical stability of the aortic wall. 

In the anterior region, the inner layer has a higher elastic modulus of 0.38, compared to the outer layer's value 

of 0.25. This implies that, in the anterior region, the intima-media boundary is stiffer and more resistant to elastic 

deformation than the outer media-adventitia boundary. The relatively small difference between the two layers 

suggests a more uniform distribution of mechanical properties, where both layers contribute to resisting 

deformation, though the inner layer plays a slightly stronger role. 

In summary, the left lateral region exhibits the highest outer elastic modulus, indicating significant stiffness in 

the outer layer, although this observation is based on the smallest sample size among all groups. The posterior 

region shows the highest inner elastic modulus, reflecting greater stiffness in the inner layer. The anterior region 
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presents a moderate difference between the inner and outer layers, with the inner layer being stiffer, while the 

right lateral region demonstrates the opposite trend, where the outer layer is stiffer than the inner. These 

variations in elastic modulus across different regions underscore the complex mechanical behavior of the aortic 

wall, where both the inner and outer layers contribute differently depending on the anatomical location. 

Maximum Force (Fmax) 

 

Figure 30: Comparison of Fmax across aortic wall regions and layers. 

The graph presents the maximum force (Fmax) values in grams for both inner and outer layers across different 

anatomical regions of the aortic wall: anterior, right lateral (rl), posterior, and left lateral (ll). Fmax represents the 

maximum force the tissue can withstand before failure, providing insight into the mechanical strength of each 

region. Notable differences are observed between the inner and outer layers across the four anatomical regions, 

reflecting their strength under tensile loading. 

In the right lateral (rl) region, the inner layer exhibits the highest Fmax at 68.22g, suggesting that the intima-

media interface in this region is the strongest and most resistant to rupture under maximum tensile forces. The 

outer layer in the right lateral region has a significantly lower Fmax of 57.83g, indicating that the media-adventitia 

interface is less capable of sustaining high forces before failure. The substantial difference between the two layers 

shows that the inner layer plays a more critical role in resisting rupture in this region. 

In the posterior region, the inner layer also shows a high Fmax value of 66.52g, slightly lower than the right lateral 

region, but still reflecting strong mechanical resistance. The outer layer in the posterior region has a lower Fmax 

of 57.91g, indicating that the outer part of the aortic wall is less resistant to rupture compared to the inner layer. 

The difference between the inner and outer layers in this region suggests that the inner portion is the primary 

contributor to strength under maximal loading, similar to the right lateral region. 

In the left lateral (ll) region, the inner layer has a moderate Fmax of 60.20g, while the outer layer shows a much 

lower Fmax of 48.85g. This significant difference indicates that the inner layer in the left lateral region is much 

stronger than the outer layer, which appears to be the weakest among all regions studied. The outer layer’s low 

Fmax suggests that the media-adventitia interface in this region is particularly vulnerable to rupture under tensile 

forces. 

In the anterior region, both the inner and outer layers exhibit more comparable Fmax values, with the inner layer 

showing 58.53g and the outer layer slightly lower at 55.26g. The relatively small difference between the two 

layers in this region indicates that both the intima-media and media-adventitia interfaces contribute fairly evenly 

to resisting tensile forces before failure. This balance between the layers suggests a more uniform mechanical 

strength across the aortic wall in the anterior region compared to the other regions. 
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In summary, the right lateral region demonstrates the highest Fmax for the inner layer, indicating the strongest 

resistance to rupture, while the left lateral region shows the lowest Fmax for the outer layer, making it the most 

vulnerable. The posterior region also shows high resistance in the inner layer, while the anterior region displays 

more balanced values between the inner and outer layers. These variations in Fmax across regions highlight the 

distinct mechanical behavior of the aortic wall, with certain regions showing a stronger inner layer and others a 

more balanced distribution of strength between the inner and outer layers. 

Peak Elastic Modulus (PEM) 

 

Figure 31: Comparison of Peak Elastic Modulus across aortic wall regions and layers. 

For the Peak Elastic Modulus (PEM) plot, which represents the maximum stiffness of the tissue during plastic 

deformation, there are notable differences across the anatomical regions between the inner and outer layers. 

In the right lateral (rl) region, the inner layer shows the highest PEM at 0.073, indicating that during the plastic 

phase of deformation, the intima-media boundary in this region is stiffer than in other regions. This suggests that 

even after yielding, the inner layer in the right lateral region resists further deformation effectively. The outer 

layer in this region has a lower PEM of 0.062, indicating that it is less stiff during plastic deformation than the 

inner layer, though still relatively strong compared to other regions. 

The posterior region also exhibits a high PEM for the inner layer, with a value of 0.069, which is slightly lower 

than in the right lateral region but still reflects significant stiffness during plastic deformation. The outer layer in 

the posterior region has a PEM of 0.052, which is the lowest among all regions, suggesting that the media-

adventitia boundary in the posterior region is the least resistant to deformation during the plastic phase, making 

it more vulnerable as deformation progresses. 

In the anterior region, the inner and outer layers show very similar PEM values, with the inner layer at 0.060 and 

the outer layer at 0.061. This small difference indicates that both layers exhibit almost identical stiffness during 

plastic deformation in the anterior region. The balance between the inner and outer layers here suggests a 

uniform mechanical behavior during plastic deformation, with both layers contributing equally to resisting 

further deformation. 

In the left lateral (ll) region, the inner layer shows the lowest PEM overall, with a value of 0.050, indicating that 

the intima-media boundary in this region is the most compliant during plastic deformation. The outer layer, 

however, exhibits a higher PEM of 0.058, suggesting that in the left lateral region, the media-adventitia boundary 

plays a more significant role in resisting deformation during the plastic phase, a reversal of the pattern seen in 

other regions. 
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In summary, the right lateral region demonstrates the highest PEM for the inner layer, indicating strong resistance 

to plastic deformation, while the posterior region has the lowest PEM for the outer layer, making it more prone 

to deformation as it progresses through the plastic phase. The anterior region shows a balanced mechanical 

response between the inner and outer layers, with nearly identical stiffness during plastic deformation, while 

the left lateral region presents the opposite trend, with the outer layer being stiffer than the inner. These regional 

differences in PEM highlight the varying mechanical behaviors of the aortic wall during plastic deformation, 

where certain layers dominate in stiffness depending on the anatomical region. 

Stretch 

 

Figure 32: Comparison of Stretch across aortic wall regions and layers. 

For the stretch plot, which reflects the maximum displacement before rupture, we observe differences across 

the anatomical regions for the inner and outer layers, indicating their capacity for elongation under tensile 

loading. 

In the left lateral (ll) region, the inner layer demonstrates the highest stretch, with a max value of 9,0mm, 

indicating that this layer is the most compliant and capable of significant elongation before rupture. The outer 

layer in this region shows a much lower max of 5,0mm, suggesting that the media-adventitia boundary in the 

left lateral region has a much lower capacity for stretch before failure. The stark difference between the inner 

and outer layers highlights that in the left lateral region, the inner layer is considerably more ductile, whereas 

the outer layer is much stiffer and prone to rupture earlier. 

In the anterior region, the outer layer shows the highest stretch for outer layers among all regions, with a max 

of 8,5mm, while the inner layer has a slightly lower value of 8,0mm. This suggests that in the anterior region, 

the outer media-adventitia interface has a greater capacity for elongation before failure compared to the inner 

layer, which contrasts with the behavior seen in most other regions. The relatively small difference between the 

inner and outer layers suggests a more uniform distribution of strain across the wall in the anterior region. 

In the right lateral (rl) region, the inner layer has a max of 5,6mm, while the outer layer shows a very similar 

value of 5,5mm. The minimal difference between these values indicates that there is no statistically significant 

difference in the stretch capacity between the inner and outer layers in this region. Both the intima-media and 

media-adventitia interfaces exhibit nearly equal compliance and capacity for elongation before rupture. This 

suggests that, in the right lateral region, the mechanical behavior of the aortic wall is uniform across the inner 

and outer layers when it comes to tensile loading and elongation, and neither layer demonstrates a dominant 

role in resisting deformation before rupture. 
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In the posterior region, the outer layer exhibits a higher max value of 5,5mm compared to the inner layer's value 

of 4,9mm. This suggests that in the posterior region, the outer layer has a greater capacity for stretch before 

rupture, contrasting with the behavior in the left lateral and right lateral regions. The relatively low values in both 

layers indicate that the posterior region is the least compliant overall, with both the inner and outer layers being 

more prone to rupture under tensile forces without significant elongation. 

In summary, the left lateral region shows the highest stretch for the inner layer, indicating a high capacity for 

elongation before rupture, while the outer layer in this region is much less compliant. The anterior region exhibits 

the highest stretch for the outer layer, with both layers showing significant elongation before failure. The right 

lateral region demonstrates moderate stretch values for both layers, with the inner layer being slightly more 

compliant, while the posterior region shows the lowest stretch, with both layers being more prone to rupture 

with minimal elongation. These variations in stretch across regions reflect the differing capacities of the aortic 

wall layers to accommodate deformation before rupture, with certain regions demonstrating more ductility than 

others. 
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Stress and strain behavior 

 

Table 3: Stress and Strain values across aortic wall regions and layers. 

The table reveals crucial insights into the mechanical behavior of the aortic wall, particularly in understanding 

the propagation of rupture between the layers (inner vs. outer) and the regional variations within the aorta. 

The anterior region demonstrates a relatively balanced mechanical response between the inner and outer layers. 

In the plastic region (S2), the inner layer exhibits a stress value of 2.53 ± 0.51 N/cm², while the outer layer shows 

a slightly lower value of 2.24 ± 0.39 N/cm². The difference in stress between the layers suggests that the inner 

layer is better equipped to bear mechanical loads before reaching its yield point, which is important in 

withstanding pressures from the cardiac cycle. 

Strain values follow a similar trend, with the inner layer showing slightly higher deformation capabilities 

compared to the outer layer in the plastic region. This balance between stress and strain across layers highlights 

the anterior region’s ability to handle moderate to high mechanical stress before failure. It is mechanically stable 

but not as robust as the posterior region in terms of ultimate stress-bearing capacity. 

In the right lateral (RL) region, the mechanical properties are moderate. Both the stress and strain values are 

lower than in the anterior and posterior regions, particularly in the outer layer. In the plastic region (S2), the RL 

outer layer exhibits a stress value of 2.24 ± 0.77 N/cm², lower than in the anterior and posterior regions, 

indicating that this region may have a slightly reduced ability to bear mechanical loads, particularly in the outer 

layer. However, the RL region’s inner layer shows higher mechanical strength than its outer layer, suggesting that 

the inner layer plays a significant role in bearing mechanical stress. 

The posterior region stands out as the most mechanically resilient. Both the inner and outer layers in this region 

show the highest stress values, particularly in the plastic region (S2), where the posterior inner layer has a stress 

of 2.71 ± 0.49 N/cm². Additionally, the strain values are relatively high, indicating that the posterior region is 

capable of withstanding considerable deformation before failure. This makes the posterior region particularly 

robust, as it can absorb significant stress while maintaining structural integrity. The high strain capacity further 

suggests that the posterior region is adaptable and able to handle gradual deformation, helping distribute 

mechanical forces over time and delaying the onset of rupture. 

The left lateral (LL) region displays an intermediate mechanical profile, with stress values higher than those in 

the right lateral region but lower than those in the posterior. In the plastic region, the inner layer has a stress of 

2.62 ± 0.67 N/cm², while the outer layer shows 2.06 ± 0.73 N/cm². This suggests that the left lateral region can 

bear moderate stress loads before rupture but is not as resistant as the posterior region. 

Strain values in the left lateral region show moderate deformation capacity, with the outer layer showing a strain 

of 2.55 ± 0.60 in the ending point (S3), lower than the anterior or posterior regions. This lower strain in the final 

stages of deformation may suggest that the left lateral region could become more vulnerable during the later 

stages of stress application, possibly contributing to gradual mechanical failure. 

When analyzing the inner and outer layers overall, it is evident that the inner layer tends to exhibit higher stress 

values across most regions, suggesting that it plays a crucial role in resisting mechanical forces. However, the 

Ending Point (S3)

σ (N/cm2) ε σ (N/cm2) ε ε

Anterior-inner 0.80 ± 0.33 0.05 ± 0.03 2.53 ± 0.51 0.59 ± 0.22 3.26 ± 0.60

Anterior-outer 0.76 ± 0.19 0.07 ± 0.06 2.24 ± 0.39 0.49 ± 0.13 3.56 ± 0.92

RL- inner 0.71 ± 0.29 0.05 ± 0.03 2.59 ± 0.67 0.50 ± 0.08 2.97 ± 0.63

RL- outer 0.58 ± 0.18 0.03 ± 0.01 2.24 ± 0.77 0.54 ± 0.13 3.42 ± 1.01

Posterior – inner 0.84 ± 0.55 0.04 ± 0.01 2.71 ± 0.49 0.59 ± 0.16 3.32 ± 0.99

Posterior – outer 0.89 ± 0.98 0.08 ± 0.12 2.43 ± 0.72 0.73 ± 0.25 3.00 ± 1.18

LL-inner 0.82 ± 0.22 0.03 ± 0.01 2.62 ± 0.67 0.60 ± 0.26 3.25 ± 1.17

LL-outer 0.85 ± 0.30 0.05 ± 0.04 2.06 ± 0.73 0.40 ± 0.12 2.55 ± 0.60

region and layer 

of aortic wall

Elastic Region (S1) Plastic Region (S2)
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inner layer is also generally more deformable, as indicated by the higher strain values in many regions. This points 

to a trade-off where the inner layer, while stronger, is also more elastic. In contrast, the outer layer, particularly 

in regions like the rl and ll, demonstrates lower stress resistance but greater stiffness, as evidenced by lower 

strain values. The outer layer appears to function as a more rigid barrier, preventing excessive deformation but 

potentially at the cost of reduced flexibility and higher vulnerability to failure under extreme conditions.  
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Patients’ characteristics influence on mechanical properties  

 

Table 4: Patient Characteristics and Stress-Strain values for inner incision. 

The mechanical properties of the specimens derived from different patients appear to show significant variation, 

influenced by factors such as age, gender, and valve type. Age seems to be an important determinant of tissue 

mechanics, with younger patients often exhibiting higher stress values in both the elastic (S1) and plastic (S2) 

regions of the stress-strain curves compared to older patients. For example, patient 2, a 50-year-old male with a 

tricuspid aortic valve (TAV), shows a relatively high maximum stress in S1 of 1.14 N/cm² and 3.35 N/cm² in S2. 

These values are higher than those of patient 1, a 67-year-old female, who shows 0.62 N/cm² in S1 and 2.10 

N/cm² in S2. This trend can also be seen in patient 8, a 37-year-old male with TAV, who demonstrates a similarly 

high stress in S1 of 1.05 N/cm² and 3.18 N/cm² in S2. These differences suggest that younger patients tend to 

exhibit a higher capacity to withstand stress in both the elastic and plastic regions. 

In contrast, older patients, such as patient 6 (74 years old) and patient 7 (76 years old), show varied mechanical 

responses. Patient 6, a male with TAV, demonstrates a particularly high maximum stress in S1 (1.18 N/cm²) and 

an even higher value in S2 (3.58 N/cm²), which contradicts the general trend of older patients having lower 

mechanical strength. This suggests that individual patient variability may play a larger role in influencing the 

mechanical properties of aneurysmatic aortic tissues, even in older age groups. Patient 7, a male with a bicuspid 

aortic valve (BAV), shows lower stress values compared to patient 6, with 0.72 N/cm² in S1 and 2.67 N/cm² in S2, 

but still demonstrates a strain of 3.26 at S3, indicating a relatively high capacity for deformation before rupture. 

These variations among older patients highlight the complexity of factors influencing aortic tissue mechanics. 

Gender also seems to influence mechanical behavior, although the patterns are less clear. The two female 

patients, patient 1 and patient 9, exhibit lower stress values in both S1 and S2 compared to the male patients. 

For instance, patient 9, a 56-year-old female with TAV, shows a maximum stress of 0.42 N/cm² in S1 and 1.96 

N/cm² in S2, values that are consistently lower than male patients of a similar age, such as patient 10 (53 years 

old), who demonstrates higher stresses of 0.92 N/cm² in S1 and 2.63 N/cm² in S2. However, patient 9 shows a 

relatively high strain at S3 (4.46), indicating a higher capacity for elongation at the point of rupture compared to 

some male patients. This suggests that while female patients may exhibit lower stress resistance, their tissues 

could have greater elongation potential under certain conditions. 

Valve type also seems to have a notable influence on mechanical properties. Patients with BAV, such as patient 

7 and patient 11, tend to show higher stresses in the plastic region (S2) compared to some TAV patients. Patient 

11, a 55-year-old male with BAV, shows a stress of 2.32 N/cm² in S2, which is lower than some younger TAV 

patients but still within a relatively high range for a patient of his age. This could indicate that the presence of 

BAV affects the mechanical properties of the aortic wall, particularly in terms of its response in the plastic region, 

where deformation becomes irreversible. However, TAV patients such as patient 2 and patient 8 also show high 

values in both S1 and S2, suggesting that while valve morphology plays a role, other factors such as age and 

individual tissue variability are likely important contributors. 

Special attention should be given to patient 5, a 33-year-old male with Marfan syndrome. His mechanical 

properties, although comparable to other patients with TAV, must be interpreted differently due to the 

mean sd mean sd mean sd mean sd mean sd

1 F 67 TAV 0.62 0.23 0.04 0.01 2.10 0.34 0.54 0.08 2.85 0.62

2 M 50 TAV 1.14 0.54 0.03 0.01 3.35 0.16 0.49 0.07 3.10 0.65

3 M 54 TAV 0.64 0.13 0.03 0.01 2.58 0.19 0.55 0.14 3.33 1.10

5 M 33 TAV 0.59 0.00 0.03 0.00 2.31 0.00 0.46 0.00 2.68 0.00

6 M 74 TAV 1.18 0.00 0.03 0.00 3.58 0.00 1.07 0.00 3.39 0.00

7 M 76 BAV 0.72 0.29 0.05 0.03 2.67 0.53 0.61 0.18 3.26 0.75

8 M 37 TAV 1.05 0.00 0.05 0.00 3.18 0.00 0.42 0.00 3.89 0.00

9 F 56 TAV 0.42 0.00 0.03 0.00 1.96 0.00 0.61 0.00 4.46 0.00

10 M 53 TAV 0.92 0.53 0.07 0.01 2.63 0.23 0.48 0.22 2.72 0.17

11 M 55 BAV 0.75 0.29 0.05 0.03 2.32 0.56 0.50 0.20 3.07 1.10

12 M 54 TAV - - - - - - - - - -

# Gender Age Valve Type

inner

S3S2S1

ε (-)ε (-)σ (N/cm2)ε (-)σ (N/cm2)
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underlying connective tissue disorder. In S1, he shows a stress of 0.59 N/cm², similar to that of other patients of 

his age, and in S2, his stress reaches 2.31 N/cm². However, Marfan syndrome is known to affect the structural 

integrity of the aortic wall, and the values obtained from this patient likely reflect pathological changes that are 

not comparable to other patients in this study. 

 

 

Table 5: Patient Characteristics and Stress-Strain values for outer incision. 

In the outer table, age again plays a significant role in determining the mechanical properties of the aortic tissues. 

Younger patients tend to exhibit higher maximum stresses in both the elastic and plastic regions. Patient 8, a 37-

year-old male with TAV, shows the highest values in the table, with 1.24 N/cm² in S1 and 3.06 N/cm² in S2. These 

high stress values suggest that the tissues of younger patients have a greater capacity to withstand force before 

transitioning into the plastic deformation region and before rupture. Comparatively, older patients, such as 

patient 1 (67 years old) and patient 6 (74 years old), show much lower stress values. For example, patient 1 shows 

a maximum stress of 0.59 N/cm² in S1 and 1.75 N/cm² in S2, while patient 6 shows even lower values, with 0.54 

N/cm² in S1 and 1.64 N/cm² in S2. This trend of decreasing stress resistance with age is consistent with the 

expected deterioration of the aortic wall's mechanical properties in elderly patients. 

The influence of gender is somewhat less pronounced in the outer table compared to the inner table, although 

it still plays a role. Female patients, such as patient 1 and patient 9, continue to show lower stress values 

compared to male patients. Patient 1, a 67-year-old female, shows 0.59 N/cm² in S1 and 1.75 N/cm² in S2, while 

patient 9, a 56-year-old female, shows slightly higher values with 0.61 N/cm² in S1 and 1.55 N/cm² in S2. Despite 

these lower stress values, female patients demonstrate comparable or even higher strains at the point of rupture 

(S3). For example, patient 9 shows a strain of 2.98 at S3, which is higher than several male patients in the same 

age range. This indicates that while female tissues may exhibit lower resistance to stress, they retain a significant 

ability to stretch before rupture occurs. 

Valve type continues to be a differentiating factor in the outer table. Patients with BAV, such as patient 7 and 

patient 11, show moderately high stress values in both S1 and S2, although these values are not as high as those 

seen in some younger TAV patients. For instance, patient 7 (76 years old) shows a stress of 0.88 N/cm² in S1 and 

2.50 N/cm² in S2, which are relatively high for his age but still lower than the stress values observed in younger 

TAV patients such as patient 8. Similarly, patient 11 (55 years old) shows a stress of 0.57 N/cm² in S1 and 2.28 

N/cm² in S2, demonstrating that while valve type influences mechanical properties, age likely remains the 

dominant factor in determining overall tissue strength and resistance to deformation. 

Again, patient 5 with Marfan syndrome is absent from the outer table, and the mechanical properties of his aortic 

tissue in this region cannot be directly compared to the other patients. However, given the known effects of 

Marfan syndrome on the structural integrity of the aorta, it is likely that his results, if available, would further 

illustrate the distinct pathological alterations in the mechanical behavior of the aortic wall caused by this genetic 

disorder. 

mean sd mean sd mean sd mean sd mean sd

1 F 67 TAV 0.59 0.26 0.04 0.01 1.75 0.71 0.49 0.12 2.66 0.30

2 M 50 TAV 0.81 0.35 0.07 0.08 2.31 0.47 0.54 0.14 3.01 0.70

3 M 54 TAV - - - - - - - - - -

5 M 33 TAV - - - - - - - - - -

6 M 74 TAV 0.54 0.00 0.02 0.00 1.64 0.00 0.28 0.00 3.30 0.00

7 M 76 BAV 0.88 0.33 0.05 0.02 2.50 0.51 0.38 0.09 2.75 1.01

8 M 37 TAV 1.24 1.18 0.11 0.15 3.06 0.84 0.54 0.11 3.18 1.07

9 F 56 TAV 0.61 0.19 0.06 0.06 1.55 0.33 0.64 0.14 2.98 0.83

10 M 53 TAV 0.63 0.13 0.04 0.02 2.21 0.33 0.59 0.20 3.07 1.13

11 M 55 BAV 0.57 0.09 0.05 0.03 2.28 0.54 0.62 0.24 3.94 1.14

12 M 54 TAV 0.73 0.00 0.02 0.00 2.50 0.00 0.56 0.00 4.03 0.00

# ε (-) σ (N/cm2) ε (-) ε (-)Gender Age Valve Type σ (N/cm2)

outer

S1 S2 S3
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Patients’ characteristics influence on thickness  
 

 

Table 6: Patient Characteristics and Thickness values for inner and outer incision. 

The influence of patient characteristics on the thickness values—total wall thickness, intimal (tin), and adventitial 

(tout) layers—can be assessed by examining age, valve type, Marfan syndrome, and gender. 

Age appears to have a significant impact on the wall thickness measurements. Older patients tend to exhibit 

thicker vessel walls, particularly in the intimal and adventitial layers. For example, patient 6 (74 years old) shows 

an inner intimal thickness (tin) of 0.73 ± 0.06 mm, which is thicker than that of younger patients like patient 12 

(54 years old), whose tin value is 0.74 ± 0.07 mm. This trend of increased wall thickness with age is seen 

consistently across other measurements as well, such as the outer adventitial thickness (tout), where older 

individuals like patient 1 (67 years old) exhibit values of 0.93 ± 0.10 mm compared to younger individuals. These 

findings suggest that aging may lead to progressive thickening of the intima and adventitia, likely due to vascular 

remodeling processes. 

Valve type is another important factor influencing the thickness values. Patients with bicuspid aortic valve (BAV), 

such as patients 7 and 11, tend to have thinner intimal layers compared to those with tricuspid aortic valve (TAV). 

For instance, patient 7 has an inner intimal thickness of 0.67 ± 0.07 mm, which is lower than that of most TAV 

patients, such as patient 9 (0.70 ± 0.06 mm) or patient 12 (0.74 ± 0.07 mm). The thinner intimal and adventitial 

layers seen in BAV patients may be related to the distinct hemodynamic forces and structural alterations 

associated with this valve type, which influence the vessel wall’s development and thickness. 

It should be noted that patient 5 has Marfan syndrome resulting in distinct thickness patterns. The reduced 

thickness in both the intimal and adventitial layers (inner tin: 0.68 ± 0.07 mm, outer tout: 0.80 ± 0.12 mm) can 

be attributed to the structural abnormalities associated with the condition, which affects the integrity and 

composition of the vessel wall. However, Marfan syndrome represents a specific pathological condition, and its 

influence on wall thickness should be interpreted within that context. 

Gender differences are less clear due to the small sample size of female patients. Only two women (patients 1 

and 9) are represented in the dataset, making it challenging to draw definitive conclusions. However, the 

available data suggest that female patients may exhibit slightly thicker adventitial layers compared to males of 

similar age. For instance, patient 9 (56 years old) has a higher outer adventitial thickness (tout: 1.76 ± 0.21 mm) 

than most males in the same age range, such as patient 10 (53 years old) with a tout of 1.54 ± 0.20 mm. 

Nonetheless, the limited number of female patients restricts the ability to generalize these findings, and further 

investigation would be necessary to confirm any potential gender-based differences in vessel wall thickness. 

In summary, age plays a central role in influencing vessel wall thickness, with older patients generally showing 

thicker intimal and adventitial layers. Valve type, specifically BAV, tends to be associated with thinner vessel walls, 

while the presence of Marfan syndrome results in reduced thickness, likely due to connective tissue 

abnormalities. Gender-related differences in wall thickness are harder to establish due to the small sample size 

of female patients. 

twall tin tout twall tin tout

1 F 67 TAV 2.28 ± 0.23 0.81 ± 0.10 1.34 ± 0.25 2.32 ± 0.20 1.49 ± 0.20 0.93 ± 0.10

2 M 50 TAV 2.23 ± 0.13 0.84 ± 0.08 1.36 ± 0.15 2.22 ± 0.14 1.51 ± 0.14 0.70 ± 0.07

3 M 54 TAV 2.50 ± 0.19 0.80 ± 0.12 1.63 ± 0.14 2.42 ± 0.17 1.54 ± 0.11 0.79 ± 0.09

5 M 33 TAV 2.32 ± 0.19 0.68 ± 0.07 1.60 ± 0.16 2.30 ± 0.18 1.44 ± 0.12 0.80 ± 0.12

6 M 74 TAV 2.21 ± 0.17 0.73 ± 0.06 1.52 ± 0.14 2.26 ± 0.17 1.47 ± 0.16 0.83 ± 0.09

7 M 76 BAV 2.25 ± 0.17 0.67 ± 0.07 1.54 ± 0.13 2.17 ± 0.25 1.39 ± 0.25 0.80 ± 0.11

8 M 37 TAV 2.12 ± 0.17 0.65 ± 0.07 1.44 ± 0.17 2.14 ± 0.15 1.31 ± 0.14 0.79 ± 0.07

9 F 56 TAV 2.24 ± 0.17 0.70 ± 0.06 1.76 ± 0.21 2.36 ± 0.23 1.48 ± 0.26 0.86 ± 0.09

10 M 53 TAV 2.28 ± 0.24 0.72 ± 0.10 1.54 ± 0.20 2.26 ± 0.12 1.42 ± 0.12 0.81 ± 0.07

11 M 55 BAV 2.15 ± 0.24 0.67 ± 0.06 1.42 ± 0.25 2.14 ± 0.17 1.34 ± 0.17 0.79 ± 0.08

12 M 54 TAV 2.29 ± 0.13 0.74 ± 0.07 1.52 ± 0.19 2.25 ± 0.13 1.40 ± 0.14 0.86 ± 0.11

#
inner outer

Valve TypeAgeGender
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Table 7: Comparison of inner and outer aortic wall thickness across patients 

The diagram offers a clear visual representation of the thickness measurements for the inner and outer vessel 

wall layers across twelve patients, focusing on intimal (tin) and adventitial (tout) contributions. A consistent 

separation between inner and outer measurements is evident for each patient. Inner tin values, corresponding 

to the intima in the case of an intima-media incision, are consistently lower than outer tin values, which represent 

the combined thickness of the intima and media layers. Similarly, inner tout, which includes both the media and 

adventitia, consistently exceeds outer tout, where only the adventitial layer is reflected. This pattern underscores 

the structural differences between the layers, confirming that the methodology appropriately distinguishes 

between these components of the vessel wall. 

Notably, the data reveal differences between patients, particularly in the relative gaps between inner and outer 

thicknesses. For example, older patients, such as patient 1 (67 years old) and patient 6 (74 years old), show 

relatively larger differences between inner and outer tin and tout values compared to younger patients. This may 

be attributable to age-related changes in the vessel wall, where the intima tends to thicken progressively with 

age, contributing to the widening of the gap between inner and outer values. In contrast, younger patients such 

as patient 8 (37 years old) exhibit smaller differences between inner and outer measurements, suggesting a more 

uniform contribution of the intima and media to overall vessel thickness at a younger age. 

These age-related differences in thickness gaps likely reflect the vascular remodeling processes that occur with 

aging, where the intima and media layers experience progressive thickening due to increased deposition of 

extracellular matrix and other structural changes. This gradual thickening can explain why older patients display 

more pronounced gaps between inner and outer tin and tout measurements. 
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Discussion 
The results of this study demonstrate that specimens with an inner incision, mimicking rupture initiation 

between the intima and media layers, exhibited higher maximum forces (Fmax) at failure compared to specimens 

with an outer incision, between the media and adventitia layers. The average Fmax values were higher in the 

inner incision group, indicating that the inner layers of the aorta possess greater mechanical strength and 

resistance to rupture than the outer layers. These results align with those of Sommer et al., who reported radial 

failure stress values of approximately 140.1 ± 15.9 kPa in human abdominal aortas, though the radial tensile 

strength was lower than in other directions due to the inherent anisotropic properties of the aortic wall. Similarly, 

Schriefl et al. found radial tensile strength to be 131 ± 56 kPa, reinforcing the notion that the aortic wall’s ability 

to resist mechanical stress in the radial direction is significantly weaker compared to the circumferential or 

longitudinal directions. This is consistent with the finding in the current study that the outer layers are more 

susceptible to failure under radial tensile stress, suggesting that once an initial rupture occurs in these regions, 

it may easily propagate, leading to dissection or aneurysm rupture. 

The greater variability in the Fmax values of the outer incision group in this study could be attributed to the 

structural heterogeneity of the outer layers, as described in the literature. Previous studies have shown that the 

media-adventitia interface, where rupture typically occurs in dissections, is mechanically weaker due to fewer 

cohesive forces between lamellae. This variability may reflect the less organized structure of the adventitia, 

which is primarily composed of collagen fibers that offer less mechanical resistance compared to the elastin and 

collagen fibers within the media. The results of MacLean et al., who studied porcine thoracic aortas, showed that 

radial failure stress in the media-adventitia region was significantly lower than in the intima-media region, which 

aligns with the findings of the current study, indicating that the outer layers are more prone to rupture. 

Comparing the force-displacement behavior observed in this study with those reported in the literature further 

elucidates the differences in mechanical properties across the aortic wall layers. Sommer et al. noted that the 

aortic media exhibits a linear elastic response followed by a region of damage accumulation, ultimately leading 

to tissue failure. The current study’s force-displacement curves also reflect this mechanical behavior, with the 

inner layers demonstrating greater resistance to failure. The outer layers, however, displayed a steeper drop-off 

in force, suggesting a more brittle failure mechanism, which is consistent with findings in atherosclerotic or 

weakened aortic tissues. The fact that the specimens in this study originated from patients with aneurysms 

provides further context, as previous research has demonstrated that pathological tissues, particularly those 

affected by aneurysms, exhibit reduced mechanical strength. For example, Schriefl et al. reported that 

atherosclerotic specimens fail at significantly lower stresses than healthy tissues due to structural degeneration, 

a pattern also evident in the present study's results. 

When comparing the elastic modulus, the current study found distinct differences between the inner and outer 

layers, with the inner layers generally showing higher stiffness in the elastic region of deformation. These findings 

correspond with those of previous studies that have measured radial stiffness in the aortic wall. Sommer et al. 

reported average radial stiffness values of 559 ± 264 kPa, which, while somewhat lower than circumferential 

stiffness values, indicate that the aorta maintains considerable resistance to deformation in the radial direction, 

particularly in the media layer. This study’s findings that the inner layers (intima-media) exhibited higher stiffness 

are consistent with the literature, suggesting that these layers contribute more to the aortic wall’s mechanical 

resilience during the early stages of tensile loading. The outer layers, on the other hand, demonstrated lower 

elastic modulus values, indicating greater compliance and, thus, a higher susceptibility to early failure. These 

differences in mechanical behavior between the layers help explain the initiation and progression of aortic 

dissection, which typically occurs in regions of reduced stiffness, such as the media-adventitia interface. 

The influence of patient-specific characteristics on the mechanical properties of the aortic wall is also a critical 

aspect of the discussion. Previous research has emphasized the importance of considering patient demographics, 

such as age, gender, and valve morphology, when evaluating aortic mechanics. Pasta et al., for example, found 

that patients with bicuspid aortic valves (BAV) tend to exhibit lower delamination strength compared to those 

with tricuspid aortic valves (TAV), a finding consistent with the present study’s results. In this study, patients with 

BAV showed lower mechanical resistance in both the elastic and plastic regions of deformation, suggesting that 
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the altered hemodynamics associated with BAV may predispose these individuals to earlier or more severe 

structural weakening of the aortic wall. This could explain why BAV patients are at higher risk for aortic dissection 

and rupture. The literature supports this, with studies showing that BAV leads to increased mechanical stress on 

the aortic wall, contributing to its progressive deterioration. 

Age-related differences in mechanical properties are also supported by existing research. In the current study, 

younger patients generally exhibited higher stress values in both the elastic and plastic regions compared to 

older patients. This finding is consistent with previous studies, such as those by Pasta et al., which demonstrated 

that younger aortic tissues have a greater capacity to withstand mechanical stress. The progressive stiffening and 

thickening of the aortic wall with age, as shown by increased wall thickness in older patients, leads to reduced 

mechanical strength and elasticity, as evidenced by lower Fmax and higher susceptibility to rupture. The 

literature also supports the notion that aging leads to the accumulation of microstructural defects, such as 

collagen cross-linking and elastin degradation, which reduce the mechanical resilience of the aortic wall. 

Additionally, gender differences in mechanical properties observed in this study, though not as pronounced, align 

with some findings in the literature. Studies such as those by Pasta et al. have reported lower mechanical strength 

in female aortic tissues compared to male tissues, which was also observed in the current study. While the 

sample size of female patients in this study was small, the results suggest that female aortic tissues may be more 

prone to rupture under tensile loading. This could be due to hormonal influences or differences in the structural 

composition of the aortic wall between men and women, as proposed in previous research. 

One of the strengths of this study is its focus on a detailed mechanical analysis of different anatomical regions of 

the aorta, providing insights into how rupture initiation and propagation vary depending on location. The finding 

that the posterior region exhibited the highest mechanical resistance, while the left lateral and anterior regions 

were more vulnerable, aligns with previous studies that have reported regional variations in aortic mechanics. 

The literature suggests that differences in hemodynamic forces, such as blood flow and pressure, across the 

aortic wall may contribute to these regional differences. Schriefl et al. noted that the posterior region of the 

aorta tends to be more robust due to the structural organization of collagen and elastin fibers, which may help 

explain the higher mechanical strength observed in this region in the current study. 

In terms of limitations, the current study's relatively small sample size, particularly in some anatomical regions, 

may affect the generalizability of the findings. Additionally, while the mechanical tests provide valuable insights 

into the tensile properties of the aortic wall, they do not capture the underlying microstructural changes that 

contribute to the observed behavior. Integrating histological analyses, as suggested by previous studies, would 

offer a more complete understanding of how structural factors such as fiber alignment and the presence of 

microdefects influence mechanical performance. Future studies could expand on this work by combining 

mechanical testing with histological and imaging techniques to further explore the relationship between 

microstructure and mechanical behavior in the aneurysmatic aortic wall. 
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Conclusion 
This study aimed to investigate the mechanical properties of the aneurysmatic ascending aorta through direct 

tension testing in the radial direction, focusing on rupture propagation and comparing the mechanical behaviors 

of different anatomical regions of the aortic wall. The study was designed to examine how the inner (intima-

media) and outer (media-adventitia) layers respond to mechanical stress, both in terms of failure mechanisms 

and tissue resilience, with the ultimate objective of better understanding rupture initiation and propagation in 

the context of aortic disease. Through the analysis of force-displacement curves, mechanical parameters such as 

maximum force (Fmax), yield force (Fyield), strain, elastic modulus, and peak elastic modulus (PEM) were obtained 

for each anatomical region and layer, providing a detailed characterization of the mechanical behavior of the 

aortic wall.  

The research successfully achieved its primary objectives by offering new insights into how different regions and 

layers of the aneurysmatic ascending aorta respond to radial tensile forces. The key finding that the inner layers, 

particularly at the intima-media interface, exhibit greater mechanical strength and resistance to rupture 

compared to the outer layers, which include the media-adventitia interface, is of significant clinical relevance. 

This observation was consistent across most regions of the aorta and aligns with previous findings in the 

literature, which have noted the mechanical importance of the intima-media boundary. The study confirmed 

that the outer layers are more vulnerable to rupture propagation. The higher mechanical variability observed in 

specimens with outer incisions also points to the structural heterogeneity of the adventitia, which is consistent 

with previous studies that have shown this layer to be less organized and less resistant to tensile forces than the 

more cohesive intima-media interface. 

Furthermore, the study provided important insights into regional variations within the aortic wall, demonstrating 

that certain regions, such as the posterior and right lateral areas, exhibit higher mechanical strength compared 

to more vulnerable regions like the anterior and left lateral areas. This finding suggests that the structural 

integrity of the aorta may differ depending on its anatomical location, which could have significant implications 

for understanding the localized development of aneurysms and the propensity for rupture in specific regions of 

the aortic wall. The posterior region, in particular, was found to be more resistant to tensile forces, which 

supports the idea that the structural composition of this region provides it with greater mechanical resilience. 

This regional variation in mechanical properties, as observed in the current study, adds an important dimension 

to our understanding of aortic biomechanics and highlights the need for region-specific analyses when assessing 

rupture risks in patients with aortic disease. 

The results of this study contribute significantly to the body of knowledge on the mechanical properties of the 

aneurysmatic ascending aorta, particularly in the context of radial tensile testing. While previous studies have 

provided valuable data on the circumferential and longitudinal mechanical properties of the aortic wall, this 

study focuses on the radial direction, which is crucial for understanding rupture propagation between the layers 

of the aorta. By examining the mechanical behavior of the intima-media and media-adventitia interfaces 

separately, this study provides a clearer picture of how different layers of the aortic wall contribute to its overall 

mechanical stability. The findings that the inner layers are mechanically stronger and more resistant to failure 

than the outer layers offer important insights into the mechanisms of aortic dissection, which often propagate 

through the media-adventitia interface. This knowledge is critical for improving clinical assessments of rupture 

risk and for informing surgical strategies aimed at reinforcing the vulnerable outer layers of the aorta. 

The broader implications of this research extend to the clinical management of aortic aneurysms and dissections. 

Understanding the layer-specific and region-specific mechanical vulnerabilities of the aortic wall can help 

clinicians identify patients who are at higher risk for rupture and target interventions more effectively. For 

example, patients with aneurysms in regions that exhibit lower mechanical strength, such as the anterior or left 

lateral areas, may require closer monitoring or earlier surgical intervention. Similarly, patients with BAV, who are 

known to have lower mechanical resistance in the aortic wall, may benefit from more aggressive treatment 

strategies to prevent rupture. The study’s findings also suggest that patient-specific factors, such as age and valve 

morphology, play a critical role in determining mechanical behavior, further underscoring the need for 

personalized approaches to the management of aortic disease.  
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