
Acta Biomaterialia 99 (2019) 443–456 

Contents lists available at ScienceDirect 

Acta Biomaterialia 

journal homepage: www.elsevier.com/locate/actbio 

Full length article 

Failure properties and microstructure of healthy and aneurysmatic 

human thoracic aortas subjected to uniaxial extension with a focus on 

the media 

Selda Sherifova 

a , Gerhard Sommer a , Christian Viertler b , Peter Regitnig 

b , Thomas Caranasos c , 
Margaret Anne Smith 

d , Boyce E. Griffith 

e , Ray W. Ogden 

f , Gerhard A. Holzapfel a , g , ∗

a Institute of Biomechanics, Graz University of Technology, Austria 
b Diagnostic and Research Institute of Pathology, Medical University of Graz, Austria 
c Division of Cardiothoracic Surgery, University of North Carolina at Chapel Hill, USA 
d Carolina Center for Interdisciplinary Applied Mathematics, University of North Carolina at Chapel Hill, USA 
e Department of Mathematics, University of North Carolina at Chapel Hill, USA 
f School of Mathematics and Statistics, University of Glasgow, UK 
g Department of Structural Engineering, Norwegian Institute of Science and Technology (NTNU), Trondheim, Norway 

a r t i c l e i n f o 

Article history: 

Received 8 May 2019 

Revised 14 August 2019 

Accepted 21 August 2019 

Available online 26 August 2019 

Keywords: 

Human thoracic aorta 

Aneurysm rupture 

Dissection 

Tissue failure 

Uniaxial extension testing 

Second-harmonic imaging 

Histology 

Collagen microstructure 

a b s t r a c t 

Current clinical practice for aneurysmatic interventions is often based on the maximum diameter of the 

vessel and/or on the growth rate, although rupture can occur at any diameter and growth rate, lead- 

ing to fatality. For 27 medial samples obtained from 12 non-aneurysmatic (control) and 9 aneurysmatic 

human descending thoracic aortas we examined: the mechanical responses up to rupture using uniax- 

ial extension tests of circumferential and longitudinal specimens; the structure of these tissues using 

second-harmonic imaging and histology, in particular, the content proportions of collagen, elastic fibers 

and smooth muscle cells in the media. It was found that the mean failure stresses were higher in the cir- 

cumferential directions (Control-C 1474 kPa; Aneurysmatic-C 1446 kPa), than in the longitudinal directions 

(Aneurysmatic-L 735 kPa; Control-L 579 kPa). This trend was the opposite to that observed for the mean 

collagen fiber directions measured from the loading axis (Control-L > Aneurysmatic-L > Aneurysmatic- 

C > Control-C), thus suggesting that the trend in the failure stress can in part be attributed to the collagen 

architecture. The difference in the mean values of the out-of-plane dispersion in the radial/longitudinal 

plane between the control and aneurysmatic groups was significant. The difference in the mean values of 

the mean fiber angle from the circumferential direction was also significantly different between the two 

groups. Most specimens showed delamination zones near the ruptured region in addition to ruptured 

collagen and elastic fibers. This study provides a basis for further studies on the microstructure and the 

uniaxial failure properties of (aneurysmatic) arterial walls towards realistic modeling and prediction of 

tissue failure. 

Statement of Significance 

A data set relating uniaxial failure properties to the microstructure of non-aneurysmatic and aneurys- 

matic human thoracic aortic medias under uniaxial extension tests is presented for the first time. It was 

found that the mean failure stresses were higher in the circumferential directions, than in the longitudi- 

nal directions. The general trend for the failure stresses was Control-C > Aneurysmatic-C > Aneurysmatic- 

L > Control-L, which was the opposite of that observed for the mean collagen fiber direction relative to 

the loading axis (Control-L > Aneurysmatic-L > Aneurysmatic-C > Control-C) suggesting that the trend in 

the failure stress can in part be attributed to the collagen architecture. This study provides a first step 

towards more realistic modeling and prediction of tissue failure. 

© 2020 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

Aneurysms and dissections of thoracic aortas are life threaten-

ing conditions with high mortality rates even though clinical pro-

cedures have been improved in recent years [1–3] . Current prac-

tice guidelines recommend surgical repair of large thoracic aortic

aneurysms (with maximum diameter of the lesion of 5 . 0 cm in

women or 5 . 5 cm in men or if the maximum diameter increases

more than 0 . 5 –1 . 0 cm in one year [4–6] ) to prevent fatal aortic

dissection or rupture, but observations have shown that adverse

aortic events may already occur at smaller diameters [7] . Inter-

estingly, more than 80% of aortic dissections develop in the ab-

sence of a pre-existing aneurysm, indicating that aneurysm for-

mation and dissection are in general different pathophysiological

conditions [8] . Since there is a variety of causes for the develop-

ment of thoracic aortic diseases, a greater knowledge of patient-

specific biomechanical properties reflecting the influence of the

microstructure is important for predicting adverse events. 

The healthy thoracic aorta has a unique structural composi-

tion that enables it to withstand the large tissue stresses created

mainly by the blood pressure [9] . Of the three main layers, the in-

nermost layer, the intima, consists of a single layer of endothelial

cells in a healthy young artery, and its solid mechanical contribu-

tion is negligible [10] . However, intimas, especially from older pa-

tients, often exhibit a considerable thickening due to intimal hy-

perplasia, fibrosis and sclerotic changes, and therefore have a sig-

nificant solid mechanical influence [11] . The medial layer is respon-

sible for the main structural and functional properties of the tho-

racic aorta [12,13] . It consists of many medial lamellar units each

having a thickness of about 13- 15μm, with smooth muscle cells

in the lamellar unit interconnecting the elastic laminas, and inter-

spersed collagen fibers (mostly of type I and III) [14] . The outer

layer, the adventitia, consists mainly of thick bundles of wavy col-

lagen fibers (mostly type I) in the unloaded state, and is there-

fore very compliant at small strains but changes to a stiff ‘jacket-

like’ tube at high strains so that the artery is prevented from over-

stretching and rupture [10,11,15] . Schriefl et al. [16] described the

media and the adventitia of aged thoracic aortas as displaying two

collagen fiber families organized in separate sublayers with differ-

ent orientations. The media incorporates two symmetric fiber fam-

ilies with mean fiber angles closer to the circumferential direction,

while the adventitial layer has collagen fibers oriented closer to

the longitudinal direction. In the intima, however, this organiza-

tion in layers is less clear with sometimes a third or a fourth fam-

ily of fibers being apparent, and in general displaying a carpet-like

structure [16] . 

Pathological changes leading to dissection and aneurysm for-

mation in the thoracic aorta typically alter the microstructure and

weaken the media. Medial degeneration (cystic medial necrosis) is

a characteristic of dissections and it involves smooth muscle cell

loss, elastic fiber fragmentation and accumulation of glycosamino-

glycans [17–20] . A weakened aortic wall due to medial degenera-

tion is also typical for aneurysms and aneurysms combined with

dissections of the ascending thoracic aorta [21] . Although similar

collagen contents were observed in control and aneurysm sam-

ples [22] , the organization of collagen may nevertheless be sig-

nificantly changed during aneurysm development in the thoracic

aorta [23] . An increased collagen content [24–26] or a decreased

collagen content with increased disruption were reported for aor-

tic dissections [21,23] . Thus, pathological changes are often said

to weaken the aortic wall, thereby increasing the likelihood of

rupture. 

Fig. 1 shows two aortic medial specimens with different col-

lagen microstructures cut out from adjacent regions. As is well-

known fibrillar collagen plays an important reinforcing role in fi-
rous tissues and the mechanical properties of the tissues are sig-

ificantly different in directions along and orthogonal to the mean

ollagen fiber direction. This motivated the present study of the

ailure properties of control and aneurysmatic human thoracic aor-

ic medias. These were investigated using uniaxial extension tests

n the circumferential and longitudinal directions. The mechanical

esting was combined with second-harmonic generation imaging

nd histological investigations to study the influence of the colla-

en architecture on the mechanical failure properties. 

. Materials and methods 

Control samples were obtained from non-aneurysmatic human

escending thoracic aortas ( n = 12 ) by the Diagnostic and Research

nstitute of Pathology, Medical University of Graz, Austria. Aneurys-

atic samples ( n = 9 ) were obtained from patients undergoing as-

ending aortic surgical repair at the Division of Cardiac Surgery,

edical University of Graz, Austria and the Division of Cardiotho-

acic Surgery, University of North Carolina at Chapel Hill (UNC).

he use of the donor samples was approved by the local Ethics

ommittee at the Medical University of Graz (27–250 ex 14/15)

nd the University of North Carolina at Chapel Hill Institutional

eview Board (Study No. 14-2529). For the aneurysmatic sam-

les, informed consents were obtained prior to sample collection.

pon explantation, donor samples obtained from the Medical Uni-

ersity of Graz were placed in phosphate buffered saline (PBS)

rior to freezing, whereas donor samples from UNC were placed

nto a tube containing Ringer’s lactate with 10% dimethyl sulfoxide

DMSO) to preserve mechanical properties during transportation.

his tube was placed in another container filled with isopropanol

olution which was surrounded by dry ice to ensure slow freez-

ng. Samples were placed in a freezer at −24 °C upon arrival and

ept therein until testing for varying time periods (minimum = 8,

aximum = 154 days). 

.1. Mechanical testing 

Following unfreezing overnight at 4 °C, each donor sample was

ut open along its longitudinal axis, and separated into intimal,

edial and adventitial layers using scalpel and scissors; Fig. 2 (a)

nd (b). Dog-bone shaped specimens were then punched out from

he circumferential and longitudinal directions of each sample us-

ng a template; see Fig. 2 (c). After the initial thickness T was mea-

ured optically using the system described in [27] , for each spec-

men black markers were placed approximately 5 mm apart on

he gage region for video tracking, and the specimen was then

ounted on the apparatus. The initial length L and width W val-

es were then measured using the videoextensometer described

n [28] . Each specimen was preconditioned to 50 kPa (engineering

tress) in five loading-unloading cycles. Subsequently, control and

neurysmatic specimens in the circumferential and longitudinal di-

ections were extended until failure quasi-statically with a cross-

ead speed of 2 mm/min. The testing protocol was similar to that

sed in [29–31] and took place in a PBS filled container heated

p to and maintained at 37 °C. Tests were regarded as unsuccessful

f failure occurred outside the markers, and the results for these

ases were discarded; see Fig. 2 (d) and (e) for a successful and an

nsuccessful test, respectively. After a successful test, the specimen

as fixed in 4% formaldehyde in preparation for microstructural

nvestigations. 

The uniaxial Cauchy stress σ and the related stretch λ were cal-

ulated for each specimen using the force-displacement data from

he formulas σ = λF /A , where F is the measured force, A = T W the

nitial cross-sectional area, while λ = 1 + d/L , where d is the mea-

ured displacement and L is the initial length. The failure stress σ
f 
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Fig. 1. Second-harmonic generation images of two aortic medial specimens cut out from adjacent regions: (a) load applied along the main direction of fiber reinforcement 

for a circumferential specimen; (b) load applied orthogonal to the main direction of fiber reinforcement for a longitudinal specimen. Collagen fibers are represented in green, 

while the arrows indicate the direction of the load. Images were enhanced for visualization. White scale bars correspond to 100 μm. 

Fig. 2. Sample preparation, template and examples of rupture in uniaxial tests: (a) donor sample ready to be cut open along its longitudinal axis indicated by the dotted 

white line; (b) media of the sample after cutting open and separation of the layers; (c) schematic of dog-bone shaped template in the circumferential and longitudinal 

directions with black markers placed approximately 5 mm apart for video tracking; (d) and (e) examples of a successful and an unsuccessful test, respectively. The included 

millimeter scale provides a dimensional reference. 
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as defined to be the value of the Cauchy stress at the maximum

orce. The corresponding stretch at failure is denoted by λf . 

.2. Microstructural investigations 

Half of the successful test specimens were optically cleared for

ubsequent second-harmonic generation (SHG) imaging in graded

thanol series and a solution of benzyl alcohol to benzyl ben-

oate (BABB), as described in [32] . The imaging set-up was the

ame as in [32] except that the in-plane image stacks in the

ircumferential-longitudinal plane CL ( θz) were acquired using

20 × 620 × 5μm sampling instead of 620 × 620 × 1μm. The out-

f-plane images were acquired from the radial-circumferential

lane RC ( rθ ) and radial-longitudinal plane RL ( rz ) orthogonal to

he RC plane. Note that the word ‘fiber’ in mean fiber angle and in

ber dispersion refers to ‘collagen fiber’. 

Following the SHG imaging, image stacks of the CL plane were

sed to obtain the mean fiber angle α, measured with respect to

he circumferential direction. Note that the mean fiber angle from
he specimen loading axis corresponds to α and 90 ° − α for the

ircumferential and longitudinal test specimens, respectively. The

ber dispersion parameter κip in the (θz) plane is given by the

ormula 

ip = 

1 

2 

− I 1 (a ) 

2 I 0 (a ) 
, (1) 

here I 0 and I 1 are the modified Bessel functions of the first kind

f order 0 and 1, respectively, while a is a concentration parame-

er from the von Mises distribution [33] obtained using maximum

ikelihood estimation. The corresponding out-of-plane fiber disper-

ion parameters κ rθ
op and κ rz 

op were calculated according to 

op = 

1 

2 

− 1 

8 b 
+ 

1 

4 

√ 

2 

πb 

exp (−2 b) 

erf ( 
√ 

2 b ) 
, (2) 

hich is again based on the von Mises distribution, erf being the

rror function defined by [33] 

rf (x ) = 

2 √ 

π

∫ x 

0 

exp (−ξ 2 )d ξ . (3) 
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Images from the RC and RL planes were used to obtain the

concentration parameter b via least-square fitting. This distribution

function is evaluated with a different concentration parameter b

for the two planes rθ and rz . Note that κ rθ
op and κ rz 

op relate to the

(rθ ) and ( rz ) planes. An indication of the four structural parame-

ters α, κip , κ
rz 
op and κ rθ

op relative to the coordinate system r, θ, z can

be found in Fig. 3 . 

The other half of the specimens were used to obtain whole

slide histological images. The clamped ends of the specimens were

marked with a dye prior to paraffin embedding to distinguish the

rupture zone (area near the ruptured end) for qualitative evalu-

ations. Following the paraffin embedding, Hematoxylin and Eosin

(H&E) staining was performed together with Elastica van Gieson

(EvG) on adjacent sections for the identification of collagen, elas-

tic fibers (with all their proteins, not only elastin [34] , p. 1065;

for an instructive illustration see Fig. 1 in [20] ) and smooth mus-

cle cell (SMC) nuclei. Whole histological slides were scanned us-

ing a 3DHISTECH P10 0 0 slide scanner (3DHISTECH Ltd., Budapest,

Hungary), and the whole slide images were subsequently evaluated

using the software CaseViewer (v2.1; 3DHISTECH Ltd., Budapest,

Hungary). In particular, the specimens from the successful tests

were quantified for collagen, elastic fibers and SMC content (total

content 100%), without taking the ground substance into account.

Content evaluations were performed independently by two experi-

enced pathologists in a semiquantitative manner. In addition, the

thickness of the media was evaluated as a percentage of the speci-

men thickness, and possibly attached layers despite the separation

such as the intima and the adventitia were identified. 

2.3. Statistics 

The one-way analysis of variance (ANOVA) followed by Tukey’s

test was employed for statistical analysis. More specifically, the

structural parameters α, κip , κ
rθ
op , κ

rz 
op , as well as collagen, elastic

fiber and SMC content percentages were compared between the

control and the aneurysmatic groups of specimens. In addition,

the mechanical failure parameters σf , λf , the structural parame-

ters, and the content percentages were compared between the four

groups (Control-C/Control-L and Aneurysmatic-C/Aneurysmatic-L).

The groups were significantly different if p < 0 . 05 . Mean ( ± stan-

dard deviation), median, first and third quartile values (Q1 , Q3)
Fig. 3. Illustration of four structural parameters α, κip , κ
rz 
op and κ rθ

op with respect to 

the coordinate axes, r (radial), θ (circumferential) and z (longitudinal). The mean 

fiber direction is denoted by the solid line with the arrow located in the (θz) plane, 

and making an angle α with the circumferential direction. 
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f the aforementioned groups were computed. Linear regression

as performed to see if there was any correlation between fail-

re stress and failure stretch, and failure stress/failure stretch and

neurysm diameter. Only the specimens for which the media con-

tituted at least 75% of the total thickness were included in the

tatistics, because the main focus of the present study is a com-

arison of medial mechanics and structure. 

. Results 

Table 1 depicts the anamnesis of all donors labeled by C I –C XII 

or control and A I –A IX for aneurysmatic specimens. In total 27

niaxial tests (Control-C, n = 7 ; Control-L, n = 10 ; Aneurysmatic-

, n = 4 ; Aneurysmatic-L, n = 6 ) from 21 thoracic aortas (Con-

rol n = 12 , Aneurysmatic n = 9 ) were included. Table 2 contains

 summary of the following values: the failure stress σf and the

ailure stretch λf ; the structural parameters α, κip , κ
rθ
op , κ

rz 
op ; the col-

agen, elastic fiber and SMC content percentages; the thickness of

he media after layer separation as a percentage of the whole spec-

men thickness; and the identification of the layers which remain

ttached after the separation. 

.1. Mechanical testing 

Table 3 provides a summary for the mean, median and (Q1 , Q3)

alues of the mechanical and structural data, and the collagen,

lastic fibers and SMC content percentages of the four groups

rom Table 2 with exclusion of the specimens: circumferential

 III , circumferential and longitudinal C X and circumferential A I .

ith reference to Table 3 the Control-C group showed the highest

ean failure stress σf ( 1474 ± 1131 kPa), followed by Aneurysmatic-

 ( 1446 ± 875 kPa), Aneurysmatic-L ( 735 ± 227 kPa) and Control-L

 579 ± 172 kPa). The groups were not significantly different. From

able 2 it can be seen that the highest failure stress value is for the

ircumferential specimen C IV (3418 kPa), whereas the lowest value

as observed for the longitudinal specimen C I (222 kPa). 

Control-C showed the highest mean failure stretch λf ( 2 . 18 ±
 . 87 ) followed by Aneurysmatic-L ( 1 . 6 ± 0 . 22 ), Control-L ( 1 . 9 ±
 . 46 ) and Aneurysmatic-C ( 1 . 59 ± 0 . 07 ), see Table 3 . There were

o significant differences between the groups. The highest fail-

re stretch value λf was observed for the circumferential specimen

 IV ( 3 . 2 ), whereas the lowest was observed for the circumferential

pecimen A I ( 1 . 17 ), see Table 2 . 

The Cauchy stress versus stretch plots for the specimens of the

our groups are depicted in Fig. 5 , but the failure stress σf revealed

o significant correlation with the failure stretch λf , as shown in

ig. 6 . It was found that the aneurysm diameter did not correlate

ith either failure stress or failure stretch. 

.2. Microstructural investigations 

.2.1. Second-harmonic generation 

Table 4 summarizes the mean, median and (Q1 , Q3) values of

he structural data from Table 2 for the control specimens and

eparately for the aneurysmatic specimens with more than 75%

f the media present. The mean fiber direction α is closer to the

ircumferential direction and more aligned for the control spec-

mens ( α = 15 ° ± 8 °, κip = 0 . 23 ± 0 . 04 ) than for the aneurysmatic

pecimens ( α = 22 ° ± 9 °, κip = 0 . 24 ± 0 . 06 ). The means of the two

roups were significantly different for α ( p = 0 . 0496 ) but not for

ip ( p = 0 . 743 ). Mean values for the out-of-plane dispersions in

ach plane were higher for control ( κ rθ
op = 0 . 48 ± 0 . 02 , κ rz 

op = 0 . 48 ±
 . 01 ) compared to aneurysmatic ( κ rθ

op = 0 . 47 ± 0 . 01 , κ rz 
op = 0 . 45 ±

 . 02 ); but the difference was significant only in the rz plane ( p <

 . 001 ). 
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Table 1 

Anamnesis of donors for control ( C I –C XII ) and aneurysmatic ( A I –A IX ) specimens including the cause of death (COD) for the control, risk factors, age and gender. Samples were 

provided by the Medical University of Graz (MUG) and the University of North Carolina at Chapel Hill (UNC). 

Donor Hospital COD Risk Factors Age Gender 

C I MUG Myocardial infarction – 59 m 

C II MUG Tumor progression – 56 f 

C III MUG Myocardial infarction D, HL, HT, SM 68 m 

C IV MUG Metastasis – 59 f 

C V MUG Multiorgan failure, sepsis – 52 f 

C VI MUG Tumor progression D, HT 83 m 

C VII MUG Tumor progression – 69 f 

C VIII MUG Cardiogenic shock – 65 f 

C IX MUG Epileptic shock – 19 m 

C X MUG Tumor progression HT 65 f 

C XI MUG High brain pressure HT 68 f 

C XII MUG Aspiration – 52 m 

A I MUG – D, HL, HT, SM, KI 66 m 

A II UNC – UAV, GERD, AI, AS 51 m 

A III UNC – UAV, AI, AS, HL, LVH 56 m 

A IV UNC – HT 68 m 

A V UNC – AS, AI, BAV, GERD, O 45 m 

A VI UNC – HT 63 m 

A VII UNC – GERD, O 71 f 

A VIII UNC – ED, HT, SM 46 f 

A IX UNC – AI, AR, HFrEF 44 m 

AI, aortic insufficiency; AR, aortic regurgitation; AS, aortic stenosis; BAV, biscuspid aortic valve; D, diabetes; ED, Ehlers-Danlos syndrome; GERD, gastroesophageal reflux 

disease; HFrEF, heart failure with reduced ejection fraction; HL, hyperlipidemia; HT, hypertension; KI, kidney insufficiency; LVH, left ventricular hypertrophy; O, obesity; SM, 

smoking; UAV, unicuspid aortic valve. 

Table 2 

Overview of the failure properties, the structural parameters, the content percentages for collagen, elastic fibers and SMC, the thickness of the media, and the visible layers 

for each specimen identified. 

Donor C/L σf λf α κip κ rθ
op κ rz 

op Collagen Elastic SMC Thickness of Visible 

[kPa] [–] [ °] [–] [–] [–] [%] [%] fibers [%] [%] media [%] layers 

C III C 1200 1.39 43 0.20 0.49 0.47 30 30 40 65 IM 

C IV C 3418 3.20 7 0.20 0.49 0.49 30 30 40 80 MA 

C V C 1502 2.03 17 0.32 0.49 0.45 30 30 40 87 IM 

C VII C 848 1.42 12 0.24 0.48 0.49 25 40 35 100 M 

C VIII C 655 1.30 33 0.23 0.48 0.49 30 40 30 76 IM 

C IX C 948 2.97 24 0.29 0.41 0.49 25 45 30 100 M 

C X C 1541 1.59 20 0.22 0.48 0.48 30 30 40 71 IM 

C I L 222 1.77 11 0.20 0.48 0.46 20 30 50 100 M 

C II L 679 2.41 11 0.21 0.48 0.48 25 40 35 100 M 

C III L 776 1.23 15 0.18 0.49 0.49 20 30 50 76 IM 

C IV L 750 2.14 9 0.25 0.48 0.49 30 40 30 100 M 

C VI L 413 1.26 20 0.28 0.49 0.49 30 25 45 84 IM 

C VII L 566 1.62 6 0.21 0.49 0.50 40 50 10 100 M 

C IX L 610 2.47 7 0.25 0.49 0.48 30 50 20 100 M 

C X L 700 1.41 51 0.22 0.49 0.49 20 50 30 62 IM 

C XI L 564 2.16 25 0.19 0.48 0.49 20 30 50 100 M 

C XII L 633 2.02 8 0.23 0.47 0.48 30 40 30 84 MA 

A I C 297 1.17 48 0.28 0.45 0.47 70 20 10 46 IM 

A II C 2300 1.65 10 0.19 0.48 0.47 25 35 40 100 M 

A III C 1487 1.51 31 0.29 0.47 0.46 25 35 40 100 M 

A IX C 552 1.61 22 0.26 0.46 0.40 50 30 20 84 IM 

A II L 636 1.81 13 0.17 0.48 0.46 20 30 50 100 M 

A IV L 572 1.83 20 0.26 0.46 0.44 35 35 30 85 MA 

A V L 988 1.95 34 0.35 0.47 0.44 30 30 40 80 MA 

A VI L 501 2.19 24 0.24 0.47 0.47 30 30 40 100 M 

A VII L 666 1.74 31 0.18 0.47 0.46 30 40 30 86 MA 

A VIII L 1046 2.26 14 0.22 0.47 0.46 20 30 50 100 M 

C/L, testing direction (circumferential or longitudinal); σf , failure stress; λf , failure stretch; α, mean fiber angle measured from the circumferential direction; κip , fiber 

dispersion in the θz plane; κ rθ
op , fiber dispersion in the rθ plane; κ rz 

op , fiber dispersion in the rz plane; SMC, smooth muscle cells; M, media; IM, intima-media; MA, media- 

adventitia. 
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With reference to Table 3 there were no significant differ-

nces in α and κip between the four groups; Control-C ( α = 19 ° ±
0 °; κip = 0 . 26 ± 0 . 05 ), Control-L ( α = 13 ° ± 6 °, κip = 0 . 22 ± 0 . 04 ),

neurysmatic-C ( α = 21 ° ± 11 °, κip = 0 . 25 ± 0 . 05 ), Aneurysmatic-

 ( α = 23 ° ± 8 °, κip = 0 . 24 ± 0 . 07 ). The fiber dispersion κ rθ
op in

he rθ plane was not significantly different between Control-C
 0 . 47 ± 0 . 04 ), Control-L ( 0 . 48 ± 0 . 01 ), Aneurysmatic-L ( 0 . 47 ± 0 . 01 )

nd Aneurysmatic-C ( 0 . 47 ± 0 . 01 ). However, κ rz 
op in the rz plane

as significantly lower in Aneurysmatic-C ( 0 . 44 ± 0 . 04 ) com-

ared to Control-C ( 0 . 48 ± 0 . 02 , p = 0 . 0456 ) and Control-L ( 0 . 48 ±
 . 01 , p = 0 . 02 ). The mean fiber angle from the loading direction

as significantly higher ( p < 0 . 001 ) in the Control-L ( 77 ° ± 6 °) and
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Table 3 

Mean, median and (Q1 , Q3) of the failure properties σf , λf , structural parameters α, κip , κ
rθ
op , κ

rz 
op and collagen, elastic fibers and SMC content percentages of the four groups. 

The following specimens were excluded from the statistical analysis: circumferential C III , circumferential and longitudinal C X and circumferential A I . 

σf λf α κip κ rθ
op κ rz 

op Collagen Elastic SMC 

[kPa] [–] [ °] [–] [–] [–] [%] fibers [%] [%] 

Control-C Mean 1474 2.18 19 0.26 0.47 0.48 28 37 35 

SD 1131 0.87 10 0.05 0.04 0.02 3 7 5 

Q1 800 1.39 11 0.22 0.46 0.48 25 30 30 

n = 5 Median 948 2.03 17 0.24 0.48 0.49 30 40 35 

Q3 1981 3.03 26 0.30 0.49 0.49 30 41 40 

Control-L Mean 579 1.9 13 0.22 0.48 0.48 27 37 36 

SD 172 0.46 6 0.04 0.01 0.01 7 9 14 

Q1 526 1.53 8 0.20 0.48 0.48 20 30 28 

n = 9 Median 610 2.02 11 0.21 0.48 0.49 30 40 35 

Q3 697 2.22 16 0.25 0.49 0.49 30 43 50 

Aneurysmatic–C Mean 1446 1.59 21 0.25 0.47 0.44 33 33 33 

SD 875 0.07 11 0.05 0.01 0.04 14 3 12 

Q1 785 1.54 13 0.21 0.46 0.42 25 31 25 

n = 3 Median 1487 1.61 22 0.26 0.47 0.46 25 35 40 

Q3 2097 1.64 29 0.29 0.48 0.47 44 35 40 

Aneurysmatic-L Mean 735 1.6 23 0.24 0.47 0.46 28 33 40 

SD 227 0.22 8 0.07 0.01 0.01 6 4 9 

Q1 572 1.81 14 0.18 0.47 0.44 20 30 30 

n = 6 Median 651 1.89 22 0.23 0.47 0.46 30 30 40 

Q3 988 2.19 31 0.26 0.47 0.46 30 35 50 

σf , failure stress; λf , failure stretch; α, mean fiber angle from the circumferential direction; κip , fiber dispersion in the θz plane; κ rθ
op , fiber dispersion in the rθ plane; κ rz 

op , 

fiber dispersion in the rz plane; SMC, smooth muscle cell; SD, standard deviation; (Q1 , Q3) , first and third quartiles. 

Fig. 4. Representative histological images: (a) longitudinal specimen C I consisting only of the media; (b) longitudinal specimen C II consisting only of the media; (c) circum- 

ferential specimen C VIII indicating presence of the intima. Black and white scale bars correspond to 50 μm. 
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the Aneurysmatic-L groups ( 67 ° ± 8 °) than for Control-C ( 19 ° ± 10 °)

and Aneurysmatic-C ( 21 ° ± 11 °). The general trend, namely high-

est in Control-L, followed by Aneurysmatic-L, Aneurysmatic-C and

Control-C, was the reverse of that for σf . 

With reference to Table 2 , the circumferential specimen C IV and

the longitudinal specimen C VII showed the lowest ( 7 °) and high-

est ( 84 °) angle relative to the loading direction, with similar κip 

of 0 . 20 and 0 . 21 , respectively. The intensity plots in Fig. 7 (a) and

(b) depict the fiber architecture of these specimens. The abscissa

corresponds to the angle measured from the circumferential direc-

tion at the origin ( 0 °), while ±90 ° refer to the longitudinal direc-
ion. The red color identifies fiber angles at which there are fibers

ith that orientation, while the blue color indicates the absence

f fibers. The slightly higher value of κip for the specimen C VII is

vident from Fig. 7 (b). Fig. 7 (c) and (d) show the in-plane fiber

istributions κip of the longitudinal specimens A II ( 77 °, κip = 0 . 17 ),

nd A VIII ( 76 °, κip = 0 . 22 ), respectively. 

.2.2. Histology 

In regard to Table 4 the mean content percentages of colla-

en, elastic fibers and SMC were not significantly different between
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Fig. 5. Cauchy stress σ versus stretch λ plots for all specimens in the circumferential and longitudinal directions: (a) and (b) control group; (c) and (d) aneurysmatic group. 

Fig. 6. Failure stress σf versus failure stretch λf for all the specimens. The solid 

line corresponds to linear regression with r 2 = 0 . 15 . The dotted curves correspond 

to the confidence bounds. 
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ontrol ( 28 ± 5% , 37 ± 8% and 35 ± 12% , respectively) and Aneurys-

atic ( 29 ± 9% , 33 ± 4% and 38 ± 10% , respectively). The whole im-

ge slides of the specimens did not show significant cystic me-

ial degeneration for aneurysmatic specimens, or freezing arti-

acts, in general. From Table 3 it can be seen that the mean col-
agen content was highest in Aneurysmatic-C ( 33 ± 14% ), followed

y Control-C ( 28 ± 3% ), Aneurysmatic-L ( 28 ± 6% ) and Control-L

 25 ± 7% ). The mean elastic fiber content was similar in Control-

 ( 37 ± 9% ) and Control-C ( 37 ± 7% ), followed by Aneurysmatic-

 ( 33 ± 3% ) and Aneurysmatic-L ( 33 ± 4% ). The mean SMC con-

ent was highest in Aneurysmatic-L ( 40 ± 9% ) followed by Control-

 ( 36 ± 14% ), Control-C ( 35 ± 5% ), and Aneurysmatic-C ( 33 ± 12% ).

he means of the groups were not significantly different for colla-

en, elastic fiber or SMC contents. 

Fig. 4 (a) and (b) show the lamellar organization of the media

ith a disruption ( C I ) and with a packed rupture zone ( C II ), while

ig. 4 (c) shows that layer separation was not complete for that par-

icular circumferential specimen ( C VIII ), see also Table 2 (last col-

mn). In regard to Fig. 4 the related colors for collagen, elastic

bers and nuclei are pale pink, black/brown and orange, respec-

ively, while the nuclei can only be seen with a higher magnifi-

ation. Most specimens showed short or long delamination zones

ear the ruptured region in addition to ruptured collagen and elas-

ic fibers at the rupture ends, see Fig. 8 . 

.3. Uniaxial failure properties and microstructure 

Fig. 9 (a) and (b) depict the failure stress σf and the failure

tretch λf values in relation to the mean fiber angle relative to the

oading direction. While the failure stress exhibits a strong depen-

ence on the mean fiber angle, the failure stretch did not show

ny such clear dependence. The influences of the fiber dispersion

arameters and the collagen, elastic fibers and SMC content per-

entages on σ and λ did not show any clear trends. 
f f 
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Table 4 

Mean, median and (Q1,Q3) of the structural parameters and content percentages of collagen, elastic fibers and SMC form the Control and the Aneurysmatic groups of 

specimens obtained from SHG and histology. The following specimens were excluded from the statistical analysis: circumferential C III , circumferential and longitudinal C X 
and circumferential A I . 

α κip κ rθ
op κ rz 

op Collagen Elastic SMC 

[ °] [–] [–] [–] [%] fibers [%] [%] 

Control Mean 15 0.23 0.48 0.48 28 37 35 

SD 8 0.04 0.02 0.01 5 8 12 

n = 14 Median 12 0.23 0.48 0.49 30 40 35 

(Q1,Q3) (8,20) (0.20,0.25) (0.48,0.49) (0.48,0.49) (25,30) (30,40) (30,45) 

Aneurysmatic Mean 22 0.24 0.47 0.45 29 33 38 

SD 9 0.06 0.01 0.02 9 4 10 

n = 9 Median 22 0.24 0.47 0.46 30 30 40 

(Q1,Q3) (14,31) (0.19,0.27) (0.46,0.48) (0.44,0.47) (24,31) (30,35) (30,43) 

α, mean fiber angle from the circumferential direction; κip , fiber dispersion in the θz plane; κ rθ
op , fiber dispersion in the rθ plane; κ rz 

op , fiber dispersion in the rz plane; SMC, 

smooth muscle cells; SD, standard deviation; (Q1 , Q3) , first and third quartiles. 

Fig. 7. Intensity plots for four specimens: (a) circumferential C IV has highly aligned fibers along ±7 ° relative to the circumferential direction, with a dispersion parameter 

of κip = 0 . 20 ; (b) longitudinal C VII has aligned fibers along ±6 °, with κip = 0 . 21 ; (c) longitudinal A II has aligned fibers along ±13 °, with κip = 0 . 17 ; (d) longitudinal A VIII has 

fibers along ±14 ° with less alignment ( κip = 0 . 22 ) in comparison to (c). The abscissas refer to the angle measured from the circumferential direction at the origin ( 0 °), while 

( ±90 °) refers to the longitudinal direction. The red color identifies angles at which there are fibers with that orientation, while the blue color indicates the absence of fibers. 
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4. Discussion 

We have provided a unique set of data relating the uniax-

ial failure properties of aortic tissues to their microstructure,
hich shows that the tissue is able to carry higher loads when

tretched in the mean fiber direction compared with the cross

ber direction, see Figs. 1 and 9 , and Table 2 . The general

rend observed for the failure stresses (Control-C > Aneurysmatic-
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Fig. 8. Ruptured regions with black arrows indicating delaminations: (a) circumferential specimen A II with a small delamination length of approximately 1 . 2 mm; (b) mag- 

nification of the delamination in (a); (c) circumferential specimen C I with a rather long delamination of approximately 5 . 3 mm; (d) magnification of the delamination in 

(c). 
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 > Aneurysmatic-L > Control-L) was the opposite of that observed

or the mean fiber angle from the loading direction (Control-

 > Aneurysmatic-L > Aneurysmatic-C > Control-C). Fig. 9 (a) con-

rms that tissue strips are stronger when the load is applied

lose to the mean fiber direction, while the failure stretch does

ot show any specific correlation with the mean fiber direction,

ee Fig. 9 (b). Neither the failure stress nor stretch showed any

lear correlation with the other structural parameters investigated

erein. However, group trends indicate that in-plane fiber dis-

ersion (Control-C > Aneurysmatic-C > Aneurysmatic-L > Control-L)

nd collagen content (Aneurysmatic-C > Control-C > Aneurysmatic-

 > Control-L) also call for further discussion in relation to failure
Fig. 9. Failure properties plotted against the mean fiber angle from t
tresses (Control-C > Aneurysmatic-C > Aneurysmatic-L > Control-L)

n the basis of specific cases. 

.1. Mechanics 

.1.1. Failure properties 

With respect to Table 3 the mean failure stress from uniax-

al extension tests of medias from the control group are higher

n the circumferential than in the longitudinal direction (1474

ersus 579 kPa). A higher mean failure stress in the circumfer-

ntial than in the longitudinal direction was also found for in-

act healthy human thoracic aortas by Mohan & Melvin [35]
he loading direction: (a) failure stress σf ; (b) failure stretch λf . 
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(1720 versus 1470 kPa), Vorp et al. [36] (1800 versus 1710 kPa),

and García-Herrera et al. [37] (2180 versus 1140 kPa), the latter be-

ing significantly different. The mean failure stress of the aneurys-

matic media tested in the present study was also higher in the

circumferential than in the longitudinal direction ( 1446 ± 875 ver-

sus 735 ± 227 kPa), but this difference was not significant. How-

ever, significantly different mean failure stresses of aneurysmatic

human thoracic aortic medias in the circumferential and the longi-

tudinal direction (1282 versus 565 kPa) were observed in a previ-

ous study by our group [31] . 

Several other studies also found higher failure stresses in the

circumferential than in the longitudinal direction of the intact wall

of human aneurysmatic thoracic aortas, i.e. 1190 versus 880 kPa in

[37] , 961 versus 540 kPa in [38] , and 1440 versus 940 kPa in [39] . In

contrast, the study [36] found almost isotropic failure properties of

thoracic aortic aneurysms with similar mean failure stresses in the

circumferential and longitudinal directions (1180 versus 1210 kPa).

Most studies observed anisotropic failure stresses for healthy and

aneurysmatic human thoracic aortic medias as well as for the in-

tact wall, with higher stresses in the circumferential than in the

longitudinal direction. The anisotropic failure stresses can be ex-

plained by the intrinsic collagen fiber assembly of the tissue, as

illustrated in Fig. 1 . 

Interestingly, mean failure stretches of the thoracic aortic media

were determined to be similar in the circumferential and longitu-

dinal direction for the aneurysmatic group ( 1 . 59 versus 1 . 6 ) but

different for the control group ( 2 . 18 versus 1 . 9 ). In contrast, fail-

ure stretches of the intact healthy human thoracic aortic wall were

found to be smaller in the circumferential than in the longitudi-

nal direction ( 1 . 23 versus 1 . 47 ) [35] . Failure stretches of human

aneurysmatic thoracic aortas were found to be the same in both

directions ( 1 . 52 versus 1 . 52 ) for the media [31] and for the intact

wall ( 1 . 34 versus 1 . 34 ) [39] , but also larger in the circumferential

than in the longitudinal direction ( 1 . 61 versus 1 . 47 ) [38] . 

Specimens investigated in this study exhibited a wide range of

failure stresses and stretches, and these values were not correlated.

The aneurysm diameter was not found to be correlated with failure

properties. This may in part be explained by donors who may have

slowly growing stable aneurysms, and the load that the specimen

can withstand at different stretches can be very different, as can

be seen from Fig. 6 . 

4.1.2. Definition of failure 

It is important to note that the definition of the failure point

differs between the above mentioned studies and the present

study. Hence care must be taken when interpreting a failure point.

We define the failure stress as the Cauchy stress at maximum force

the tissue is able to carry, and the Cauchy stress-stretch curves end

at this value. After the maximum force, there was either full or

partial separation, and in the latter case the specimen was still able

to carry load at a decreased capacity until full separation occurred.

The studies [31,35,36,38,39] defined the failure point as the point

where the maximum Cauchy stress occurs prior to failure. In the

present study, only two specimens showed a difference larger than

1% between these two definitions of failure, in particular 8% and

4% for circumferential C IX and longitudinal C XII , respectively. 

On the other hand, the study [37] defined the failure point as

the first point where one of the layers failed, which relates to a

sudden drop in the Cauchy stress-stretch curve. In our study, we

observed several of these sudden drops even at a rather low stress

level but these specimens were still able to withstand much higher

stresses to failure. Consequently, local failure may have already oc-

curred at these sudden drops before the maximum force value is

reached. In addition, for example, the specimens C IV in Fig. 5 and

A in Fig. 5 (d) exhibit changes in the slope of the stress-stretch
V 
urve but not sharp inflections. Recent studies reported that a

hange in the stress-stretch slope is related to damage accumu-

ation in collagen molecules [40,41] . 

.2. Microstructure 

The higher values of the out-of-plane dispersion parameters κ rz 
op 

nd κ rθ
op of the control group indicate that the fibers are more

ligned within the lamellar units in the control group than in the

neurysmatic group, similarly to that found for abdominal aortic

neurysms [42] . The in-plane structural parameter κip of the spec-

mens investigated were not significantly different between the

wo groups, which is also in agreement with that found for hu-

an abdominal aortas [42] . Moreover, histological investigations

howed that the collagen, elastic fiber and SMC content was not

ignificantly different between the two groups ( Table 4 ), and the

ame tendency was observed between all four groups ( Table 3 ).

he aforementioned similarities and differences do not necessar-

ly indicate the absence or existence of structural changes due to

neurysm formation. They could also result from the anamnesis

f the donors such as age, imperfect layer separation, imaging af-

er testing and different sections of the aorta investigated herein.

oreover, the structure of the specimens obtained from donors

ho had suffered from tumors may not correspond to healthy

tructure, as arterial stiffening has been reported in cancer patients

43–45] . 

.3. Uniaxial failure properties and microstructure 

.3.1. Influence of the fiber angle relative to the loading direction 

We observed an inverse relationship between the failure stress

f and the mean fiber angle relative to the loading direction, as

epicted in Fig. 9 (a). Specifically, the higher the mean fiber an-

le from the loading direction the lower the failure stress. Fur-

her investigation is needed to clarify the possible influence of

he structural parameters other than the mean fiber direction even

hough the failure properties did not show any clear dependencies

n these parameters. 

With respect to Table 2 , the circumferential specimen C IV 

howed the highest failure stress ( σf = 3418 kPa) and the lowest

ean fiber angle α ( 7 °). It is likely that this very high failure stress

s not only a result of the mean fiber angle but also due to the

resence of the adventitia ( 20% of the thickness). It is well ac-

epted that the adventitia acts as a protective layer against tissue

ailure due to its high collagen content. This specimen revealed

lso the highest failure stretch ( λf = 3 . 20 ), which may in part be

xplained by the waviness of the collagen fibers in the unloaded

tate. 

The longitudinal specimen C I revealed the lowest failure stress

 σf = 222 kPa) and a high mean fiber angle relative to the loading

irection ( 79 °). The highest mean fiber angle relative to the load-

ng direction ( 84 °) was identified for the longitudinal specimen C VII 

ith a failure stress of σf = 566 kPa. The higher failure stress of

 VII might be explained by the slightly more aligned out-of-plane

tructure indicated by the values of κ rz 
op , and the higher collagen

nd elastic fiber content since both specimens have similar κip val-

es; see Table 2 . 

.3.2. Influence of collagen and elastic fiber contents 

Consider now the circumferential specimens A IX ( σf = 552 kPa,

f = 1 . 61 , α = 22 °, κip = 0 . 26 , 50 % collagen) and A III ( σf = 1487 kPa,

f = 1 . 51 , α = 31 °, κip = 0 . 29 , 25 % collagen). These two specimens

uggest that an increased collagen content correlates with lower

ailure stress but this is counterintuitive in the sense that it

ight be expected that higher collagen content would increase
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he strength due to the increased reinforcement. However, the

resence of the intima in the circumferential specimen A IX ( 16% ),

ay have reduced the failure stress. In addition, the high per-

entage of the collagen and the low percentage of elastic fiber

ontent may lead to premature failure by limiting the exten-

ibility of the tissue [46] , as in the case of the circumferen-

ial specimen A I ( σf = 297 kPa, λf = 1 . 17 , α = 48 °, κip = 0 . 28 and

0% collagen). 

.3.3. Influence of fiber dispersion 

The longitudinal specimens A II and A VIII show very different

ailure stress values σf , 636 and 1046 kPa, respectively, despite sim-

lar values for the mean fiber angle and κ rθ
op , and the same val-

es for κ rz 
op and the content percentages. Since they consist of only

he media they provide a good basis for discussing the influence

f the κip values on the failure stress. Fig. 7 (c) and (d) depict the

n-plane fiber distributions of A II ( α = 13 °, κip = 0 . 17 , 100% media),

nd A VIII ( α = 14 °, κip = 0 . 22 , 100% media), respectively. The more

ligned the fibers are in a direction further away from the loading

irection, in this case the longitudinal direction, the lower is the

ossibility of finding fibers which will be able to support the load,

nd hence the lower failure stress for the specimen A II . 

Note that the mean fiber angle and the dispersion parameter

ip have a considerable influence on the failure stress, hence the

ispersion parameter κip should not be omitted from constitutive

ormulations. 

.3.4. Other influences 

There are some data points in Fig. 9 (a) that have similar failure

tresses but different mean fiber angles. For example, by compar-

ng the circumferential specimen C VIII ( α = 33 °, κip = 0 . 23 ) to the

ongitudinal specimen C XII ( α = 8 °, κip = 0 . 23 ) and the longitudi-

al specimen A VII ( α = 31 °, κip = 0 . 18 ), one would expect that the

pecimen C VIII exhibits the highest failure stress σf followed by A VII 

nd C XII , which is not the case. These specimens have similar con-

ent percentages, and hence one explanation for the lower failure

tress for C VIII being unexpected is the decreased fibrillar reinforce-

ent due to the presence of the intimal collagen, and the presence

f adventitial collagen in the other two specimens. 

Although we did not investigate the influence of substructures

uch as collagen cross-links, their effect on the uniaxial failure

roperties σf and λf could be significant. The longitudinal speci-

en C I with the lowest failure stress has very similar values of

he structural parameters to those of the longitudinal specimen

 II . However, the specimen C II has a much higher failure stress

 σf = 679 kPa). As indicated in Table 1 , donor C I passed away due

o myocardial infarction whereas donor C II passed away due to tu-

or progression. The substructures of the aortic wall of C I might

e significantly different than those of C II resulting in a decreased

xtensibility and a lower failure stress. Disruptions to the lamellar

rganization in the rupture zone of specimen C I when compared

o the neatly packed rupture zone of specimen C II , as depicted in

ig. 4 (a) and (b), indicate that the interlamellar connections likely

lay a significant role. 

Although the mean fiber direction has a clear influence on the

ailure stress σf , it is not the only parameter that should be taken

nto account when modeling failure properties. As discussed above,

he values of the dispersion parameters and the collagen and elas-

ic fiber content seem to have a considerable influence on the fail-

re stress. Although their combined effects are not obvious to as-

ess and are difficult to estimate, all these parameters should be

onsidered when attempting to model failure of soft collagenous

issues. 
.4. Rupture zone 

The rupture zone is characterized by ruptured collagen and

lastic fibers. In some specimens delamination of the lamellas was

lso visible. The cracks, as illustrated in Fig. 8 , were also observed

n [47] under uniaxial tensile loading combined with X-ray micro-

omography, and suggest that failure initiation and propagation are

omplex mechanisms. Fig. 8 shows ruptured collagen and elastic

bers at the rupture ends, as expected under loading. In addition,

he delamination areas visible in Fig. 8 (a)–(d) suggest that both in-

erfiber collagen cross-links and interlamellar cross-links are bro-

en. 

Although the specimens are stretched along their main axes,

he fibers which are not perfectly aligned with these axes may

nhance the effect of shear which contributes to delamination. In

he study [48] pulsatile pressure experiments were performed. The

uthors concluded that cracks between the lamellas indicate that

hearing mechanisms are involved in the process, and the follow-

p study [49] concluded that the links between the lamellas are

eaker than the lamellas themselves, which leads to the cracks

etween them. The study [50] suggested that collagen fiber pull-

ut from the matrix and peeling-like processes also result in bro-

en bonds between the collagen fibers, and therefore play an im-

ortant role. In addition, interfiber cross-links are possibly under

igher tension than they can sustain, which also contributes to

elamination [51,52] . Based on the experimental observations in

47] , the study in [53] investigated the effects of shear delamina-

ion strength on tissue failure under uniaxial loading by means of

nite element analyses. The authors concluded that local wall de-

ects may contribute directly to the initiation of dissection by re-

ucing the shear delamination strength. 

The aforementioned studies used different experimental meth-

ds, but resulted in similar histological observations to those pre-

ented here. Although we cannot identify the initial failure zone, as

maging and loading were not performed simultaneously, the de-

amination zones suggest that not only the collagen fiber architec-

ure but also the different types of cross-links should be consid-

red while attempting to model soft tissue failure under uniaxial

xtension loading. 

.5. Limitations 

Due to the small sizes of the donor samples especially the

neurysmatic ones, it was not always possible to obtain circum-

erential and longitudinal data for each sample. Hence, we have

ot provided extensive details of the anisotropy. Regions with al-

erations such as calcification and atherosclerosis were not suitable

or our investigations, thus reducing the amount of tissue avail-

ble for testing. In addition, some tests failed as the rupture oc-

urred outside the markers instead of within the gauge region.

here there was more tissue available in a sample, more spec-

mens were prepared for testing. This also resulted in small and

nmatched group sizes making it difficult to generalize the find-

ngs of the study. 

The conditions from explantation to arrival were different be-

ween donor samples, and all samples were frozen until testing,

s mentioned in Section 2 . The mechanics of the biological tissues

ay be influenced by the duration of freezing, solution they were

ept in, and the rates of freezing and thawing due to osmotic pres-

ure imbalances and intracellular ice formation [54–56] . Solutions

uch as Ringer’s lactate [57] and PBS [58] have been shown to

elp preserve the mechanical properties. Furthermore, the use of

MSO reduces the intracellular ice formation due to freezing [56] ,

lthough the effect is concentration dependent [55] . It is assumed,

herefore, that the influence of different solutions and duration of
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freezing on the mechanical properties is negligible. Regardless, cell

functionality may still be damaged during thawing [56] . Aortic en-

dothelial and smooth muscle cells, for example, are reported to sig-

nificantly lose their functionality due to thawing, but no significant

influences are observed for the aortic mechanics [59] . Such dam-

age to cell functionality creates desirable effects in fact, and are

discussed later. 

Arteries are residually stressed in both circumferential and lon-

gitudinal directions in vivo , for which elastin is mainly responsible

for [60] . When an unloaded arterial ring is cut radially, it springs

open and a longitudinal strip bends further away from the main

vessel axis due to the release of stresses. As the donor samples

were either received in several pieces or as a ring which was then

cut open during preparation, residual stresses were partially re-

leased. Furthermore, residual stresses also depend on the contrac-

tion state of the SMCs, i.e. the basal tone [61] . However, SMC func-

tionality is likely to be significantly impaired due to thermal injury,

as discussed before, which further reduces the possible influence

of residual stresses. 

As the histological investigations revealed, layer separation was

not complete for all specimens, and the uniaxial testing data of

a particular specimen does not necessarily reflect the mechanical

behavior of the media alone. Since the residual stresses are layer

dependent [62] , they may have an influence on the uniaxial failure

properties of these specimens. 

The structural similarities and differences between the control

and aneurysmatic groups might arise from the different aortic seg-

ments which were available for this study, in addition to the donor

anamnesis. It is assumed here that the differences in the uniaxial

failure properties between the different regions and age groups are

due to the microstructural differences [63] . Nevertheless, such dif-

ferences may be present for various components at different length

scales not investigated herein. Furthermore, the SHG images were

obtained from the ruptured specimens without accounting for the

fiber reorientation and recoil after failure. This might also explain

some of the scatter of the data points presented in Fig. 9 (a) and

(b). 

The present study and the studies cited in Section 4.1 employed

quasi-static deformation rates. However, the aorta is reported to

be significantly stronger under dynamic deformation rates [35] , so

that the influence of the microstructure on the time-dependent

failure properties needs to be further investigated. Nevertheless,

the identification of failure properties under quasi-static uniaxial

extension, and the influence of the microstructure on these prop-

erties constitute an important step towards the development of a

more realistic failure criterion for soft biological tissues. Another

limitation is the use of uniaxial extension tests instead of biaxial

tests as the latter would provide a more realistic estimation of the

in vivo stresses in the aortic wall when dilated due to aneurysm or

dissection. However, to our knowledge, there are no reliable planar

biaxial testing methods available for obtaining failure properties.

On the other hand, bulge inflation tests were employed in several

studies, and the findings also indicate the important role the mi-

crostructure plays in tissue failure [46,64,65] . 

5. Conclusions 

The present study provides a unique set of mechanical and

structural data that highlight the strong influence of the aortic me-

dia microstructure on its failure properties under uniaxial exten-

sion loading. The data presented show that not only the mean col-

lagen fiber angle from the loading direction, but also the disper-

sion has a clear influence on the failure properties of the speci-

mens subjected to uniaxial extension. Furthermore, contents of col-

lagen and elastic fibers should also be considered – specially in

the cases where they are extremely high/low. It would be of inter-
st to investigate the influence of the microstructure on the fail-

re properties under different loading modes, isolated and mixed.

uch investigations could help predict not only when the dilated

all is likely to rupture, but also when an aorta (aneurysmatic or

pparently healthy) might develop a dissection. More research is

equired in order to characterize the interlamellar strength under

ifferent loading modes, and the influence of the microstructure

n the strength to inform the prediction of possible dissection. 

In line with recent studies on aortic tissue [66] and bovine peri-

ardium [67] , the results of this work suggest that the microstruc-

ure should be taken into account when developing failure criteria.

his study should be considered as a basis for further research that

ocus on the predictive capabilities of the microstructural parame-

ers for the failure properties of soft biological tissues, and it is

 step towards realistic modeling of tissue failure. In addition, it

ight help to address clinical challenges of rupture prediction of

ilated aortas with appropriate imaging techniques. 
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