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Abstract The mechanical properties of aortic wall, both

healthy and pathological, are needed in order to develop

and improve diagnostic and interventional criteria, and for

the development of mechanical models to assess arterial

integrity. This study focuses on the mechanical behaviour

and rupture conditions of the human ascending aorta and its

relationship with age and pathologies. Fresh ascending

aortic specimens harvested from 23 healthy donors, 12

patients with bicuspid aortic valve (BAV) and 14 with

aneurysm were tensile-tested in vitro under physiological

conditions. Tensile strength, stretch at failure and elbow

stress were measured. The obtained results showed that age

causes a major reduction in the mechanical parameters of

healthy ascending aortic tissue, and that no significant

differences are found between the mechanical strength of

aneurysmal or BAV aortic specimens and the correspond-

ing age-matched control group. The physiological level of

the stress in the circumferential direction was also com-

puted to assess the physiological operation range of healthy

and diseased ascending aortas. The mean physiological

wall stress acting on pathologic aortas was found to be far

from rupture, with factors of safety (defined as the ratio of

tensile strength to the mean wall stress) larger than six. In

contrast, the physiological operation of pathologic vessels

lays in the stiff part of the response curve, losing part of its

function of damping the pressure waves from the heart.
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1 Introduction

The aorta is the paradigm of major arteries, which not only

serve as conduits for the bloodstreams but they also play a

key role in modulating pressure and flow in the entire

circulatory system by means of their mechanical response.

Major vascular diseases alter and degrade the structure and

composition of the aortic wall, and have an effect on its

mechanical behaviour. Consequently, a better understand-

ing of the mechanical performance of the vessel wall and

its connection with pathologies should be warranted in

order to prevent circulatory accidents, as well as for the

development of effective and reliable treatments and sur-

gical procedures [2, 20].

Aneurysms are placed among the severe, potentially

life-threatening abnormalities of the aorta. They are caused

by a pathological expansion of the aortic diameter, which

may lead to dissection and rupture. Interventional criteria

balance the risks associated with surgical repair with the

risk of complications due to the development of the dis-

ease. The risk of growth and rupture is commonly related
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to aortic diameter, with this being the most used criterion

for intervention [1, 7]. Although there is considerable

evidence that the risk of rupture, dissection or death is

dramatically increased in thoracic aortic aneurysms with

diameters in excess of 60 or 70 mm (for ascending or

descending aorta, respectively) [3, 5], the fraction of

aneurysms that rupture before reaching that size is not

negligible [4, 14, 24]. Rupture of aneurysms occurs when

the mechanical stresses acting on that zone of the vessel

exceed the strength of the wall tissue. It seems that a

particular patient-specific criterion is therefore necessary.

However, all the size-based criteria, either considering

absolute [1] or relative aortic diameters [6], do not take into

account explicitly the actual mechanical behaviour of the

arterial wall. Enhanced and more reliable criteria

accounting for the particular characteristics of every

patient, and more closely related to the mechanical per-

formance and strength of the arterial wall, are still needed.

Customarily associated to aortic disease and aneurysm

development, bicuspid aortic valve (BAV) is an anomaly

probably due to the presence of a genetic defect that, in

addition to valve leaflets, affects the medial layer of aorta

[8]. The high risk of dilatation and aortic dissection—up to

nine times higher—favours that many asymptomatic

patients are operated on prophylactically for aortic

replacement [1]. Nevertheless, recent studies have ques-

tioned such a practice on the basis that surgical guidelines

are not based on objective evidence [12].

The accumulated experience with aneurysmal and BAV

patients—two prevalent aortic pathologies—demonstrates

the relevance of obtaining experimental information on the

mechanical behaviour and strength of the pathological

aorta, in order to develop accurate and dependable diag-

nostic and interventional criteria.

Nevertheless, data on the mechanical strength of human

ascending aorta are still limited and somehow controver-

sial. It is generally agreed that healthy tissue is stronger

than aneurysmal in both longitudinal and circumferential

directions. Control and aneurysmal ascending aorta in both

such orientations have been compared, with findings sup-

porting this contention [23]. Pathologic tissue was 30%

weaker and appreciably stiffer than control. However,

other authors presented the unexpected finding of aneu-

rysmal aorta as being as equally resistant as normal aortic

tissue, and pointed out the importance of considering age-

matched subject groups before drawing conclusions [16].

In particular, these authors tested aneurysm tissue from

four regions and reported an increased stiffness and

reduction in extensibility compared to control tissue and

anisotropy of both aneurysm and control tissue. The

influence of age on the rupture of pathological ascending

aorta and aneurysmal strengths in between the other two

studies have been analysed and reported [19]. The fact that

most of the few available studies on the tensile properties

of the ascending aortic wall [19, 23] have been performed

at a non-physiological temperature (*20�C), and the var-

iable nature of most control vessels that were taken from

autopsies, might be at the root of these differences. It was

demonstrated that peak stretch at failure is lower for

samples from older patients [22]. It should be noted that no

significant anisotropy was reported in these last three

works.

The objectives of the present study are two-fold. First, to

provide researchers with basic mechanical data on healthy and

pathological (aneurysmal and BAV arterial tissues) ascending

aortic wall measured in vitro at physiological temperature.

Second, to evaluate the effect of the two pathologies on the

mechanical deterioration and mechanical performance of the

ascending aortic wall. The assessment of data of young

healthy tissues (i.e. 16–35 years old) and the analysis of the

anisotropic response of control and pathological tissues are

both original contributions of this research.

2 Materials and methods

Healthy ascending aortic segments were obtained from

patients who had died from non-cardiovascular-related

causes at the Hospital Puerta de Hierro de Madrid. Aortic

wall samples were obtained from 23 brain-dead heart

donors, previously deemed acceptable for transplantation,

aged between 16 and 57. In all cases, the tissues were

obtained according to a protocol approved by the Hospital

Ethics Committee, which included the informed consent of

the next of kin. Despite their origin, histological analyses

were performed on samples from all segments to corrob-

orate the absence of vascular pathologies. For the study,

healthy specimens were divided into two groups depending

on age: Group 0A (\35 years old, nine patients,

25 ± 3 years) and Group 0B ([35 years old, 14 patients,

51 ± 2 years). Donor information (sex, age and body

surface area) is summarised in Table 1.

Pathologic tissue was obtained from patients undergoing

ascending aorta surgery with or without aortic valve replace-

ment at the Hospital Puerta de Hierro de Madrid. According to

the protocol approved by the Hospital Ethics Committee,

informed consent from the patients was obtained before the

procedure. Ascending aortic samples were classified into two

groups according to the presence/absence of a BAV. Group I

enclosed segments coming from 12 patients diagnosed with

BAV, aged between 36 and 80 years (57 ± 5 years).

Group II was made up of 14 patients aged between 44

and 81 (60 ± 4 years) with normal (tricuspid) aortic valve

and diagnosed with ascending aortic aneurysm. Five

patients were operated due to ascending aortic thoracic

aneurysm (AATA) and four had aortic insufficiency (AI)
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together with AATA. Three patients underwent surgery

having aortic valve (AoVR) and ascending aorta replace-

ment, and two patients were heart receptors due to dilated

cardiomyopathy (DCM) in conjunction with AATA.

Patients in group II had neither Marfan’s nor Loeys–Di-

etz’s syndromes and only one case presented few atheroma

plaques (Ather). Nevertheless, in that case the testing

samples were taken far (at least 2 cm) from the plaques and

no significant differences were observed between the

specimens excised closer or further from the plaques nor

with the other patients from group II. Patient information

of groups I and II is shown in Table 2.

All aortic samples were obtained at least 5 mm above the

sinotubular junction and preserved in saline solution at 4�C

until testing within 24 h from excision. The average dimen-

sions of the vessels studied in this work are summarised in

Table 3.

2.1 Test specimens

Uniaxial tensile tests were performed in order to charac-

terise the mechanical behaviour of the arterial wall. Dog-

bone shaped specimens (Fig. 1) with a central zone 10 mm

long 9 2 mm wide were stamped out from opened-up

aortas by means of metal dies of appropriate dimensions.

To evaluate the anisotropy of aortic wall, two sets with at

least three samples each were obtained in both, longitudi-

nal and circumferential, directions for every aortic segment

(Fig. 1). Specimen thickness was measured on each sample

by means of a Mitutoyo 7301 thickness gage with 10 lm

accuracy. Initial thicknesses of descending aortic speci-

mens ranged from 1.6 to 2.1 mm.

2.2 Experimental set up

The specimens were mechanically and chemically (glued

with cyanoacrylate) fixed to the grips of an

Table 1 Donor’s data

Sex (F or M) Age (years) BSA (m2)

Control group 0A (\35 years, 9 donors, 25 ± 3 years)

F 31 1.78

M 16 1.88

M 35 1.82

M 20 2.05

M 18 1.98

M 25 2.12

M 20 1.54

M 29 1.99

M 32 1.95

Control group 0B ([35 years, 12 donors, 52 ± 2 years)

M 45 1.97

M 49 1.93

M 52 1.82

F 50 1.78

F 45 1.60

M 50 1.81

F 48 1.44

M 57 2.06

M 57 1.68

F 46 1.66

F 64 1.78

M 62 1.86

F female, M male, BSA body surface area

Table 2 Patient’s data

Sex (F or M) Age (years) BSA (m2)

Bicuspid aortic valve group I (11 patients, 55 ± 4 years)

F 36 1.72

M 49 2.04

M 63 1.76

F 58 1.80

M 48 1.80

M 43 2.12

M 75 1.79

M 65 1.90

F 63 1.68

M 42 1.94

F 66 1.87

Aneurysm group II (11 patients, 56 ± 2 years)

F 57 1.71

M 60 1.83

F 45 1.95

M 62 1.94

M 44 1.95

M 51 1.68

M 58 1.97

M 53 1.80

M 71 2.12

M 65 1.90

M 51 1.94

F female, M male, BSA body surface area

Table 3 Average dimensions of ascending aortas for different groups

Diameter (mm) Thickness (mm)

Control group 0A 22.0 ± 2.2 1.9 ± 0.3

Control group 0B 23.7 ± 4.4 2.2 ± 0.3

Bicuspid aortic valve group I 38.0 ± 2.0 1.9 ± 0.2

Aneurysm group I 38.5 ± 7.7 2.0 ± 0.3
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electromechanical tensile testing machine (Instron 5866)

and immersed in phosphate saline buffer (PBS) at 37�C.

The temperature of the vessel was controlled to 0.5�C by a

K-type thermocouple located in the chamber and close to

the artery (\4 mm).

The axial force was measured by means of a 10 N load

cell (Instron 2519-101, accuracy better than 5 mN) and the

crosshead displacement was taken as a direct measurement

of the elongation of the sample, as the compliance of the

aortic specimen had been estimated as being 100 times

greater than that of the equipment. The machine internal

LVDT sensor (accuracy better than 10 lm) was used to

measure the displacement of the crosshead.

All specimens were mechanically preconditioned by

means of a series of five loading–unloading cycles between

0 and 30% of the maximum load, to remove the initial

stress relaxation effect and to yield a stable response. Tests

were performed in the passive state, without electrical or

chemical activation of the vascular wall. Loading rate was

0.03 mm/s (approximately 18%/min strain rate). A detailed

scheme of the testing procedure can be found elsewhere

[11].

2.3 Evaluation of the mechanical parameters

True stress (r) versus stretch (k) relationships for all the

tests were derived from experimental load–displacement

curves. The stretch (k) was obtained by dividing the current

length (l) by the initial length (L) of the specimen, and

the true stress (r) was calculated as the applied load

(P) divided by the current cross-sectional area (a). The

hypothesis of tissue incompressibility [18] was used to

obtain the relationship between the current and the initial

cross-sectional area (A), a = A/l.

When tensile-tested, aortic wall specimens—either cir-

cumferential or longitudinal—typically display the char-

acteristic J-shape curve depicted in Fig. 2. For small values

of applied stress, the aortic tissue exhibits a compliant

behaviour that turns into a much stiffer response when

stresses exceed the elbow of the curve. To simplify the

analysis and allow comparison among different specimens,

the stress–stretch curve was condensed into three parame-

ters that summarised the main mechanical response of the

arterial wall: the stretch and stress at the breaking point

(kR, rR), and the stress at the transition point, or ‘‘elbow’’,

between the compliant and the stiff regions (re).

The breaking point of the sample (kR, rR) was defined as

the first point where one of its layers fails, easily identified

in the tensile curve by a sudden drop of the load. Although

in the vascular biomechanics literature the ultimate tensile

strength is usually taken as the stress at the rupture stage, in

the measurements reported in this work the difference

between these two definitions was \5%. Therefore, the

values presented in this study are comparable to other

published data. Moreover, the elbow stress (re) was

determined by the change in the first derivative of stress

with respect to stretch, according to the procedure given in

the ‘‘Appendix’’.

2.4 Data processing and statistics

At least six specimens were tensile-tested per individual,

three in each of two directions (longitudinal and circum-

ferential). All in all, 355 tests on ascending aortic tissue

were carried out. Values of the three parameters defined

above were averaged for each individual and orientation,

and individual means averaged again for each study group

and orientation. Data are presented as mean ± standard

Fig. 1 Dimensions and orientation of aortic wall samples Fig. 2 Stress–stretch curve of aortic tissue and mechanical

parameters
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error. An unpaired two-tailed Student’s t test was per-

formed to compare mechanical parameters. Significance

was assumed for p as \0.05.

3 Results

3.1 Aortic wall strength

The tensile strengths of the ascending aortic wall for the

two control groups 0A and 0B (young and old specimens,

respectively), and the two groups of pathologies are con-

sidered in the study. Tensile stretches at failure are shown

in Fig. 3. To evaluate the anisotropy of the arterial wall,

circumferential and longitudinal values are displayed for

every group in both figures. No distinction has been made

between male and female specimens, as no significant

differences between the two sexes have been found in the

experiments.

Directional differences in mechanical behaviour were

found for healthy specimens, groups 0A and 0B, where

the circumferential failure stresses were greater than the

longitudinal ones (2.18 ± 0.24 vs. 1.14 ± 0.10 MPa,

p = 0.001 for group 0A and 1.20 ± 0.20 vs. 0.66 ± 0.07

MPa, p = 0.02 for group 0B). A similar trend was

observed for BAV and aneurismal groups, although only in

the BAV group the difference was statistically significant

(1.23 ± 0.15 MPa circumferential vs. 0.84 ± 0.10 MPa

longitudinal, p = 0.04 for group I (BAV), and 1.19 ± 0.13

MPa circumferential vs. 0.88 ± 0.12 MPa longitudinal,

p = 0.09 for group II (aneurysm).

Values of stretch at failure, shown in Fig. 3, confirm the

anisotropy of the young healthy specimens, group 0A,

(2.35 ± 0.10 circumferential vs. 2.00 ± 0.10 longitudinal,

p = 0.03) and BAV aortic wall tissues, group I

(1.80 ± 0.08 circumferential vs. 1.58 ± 0.06 longitudinal,

p = 0.04), with the differences being non significant for

the other groups, either healthy (0B) or diseased (II).

To assess the risk of rupture of aortic ascending wall,

tensile strengths have to be compared with the circumfer-

ential stresses exerted on the aortic wall by blood pressure,

which can be readily evaluated to a good approximation

by means of the thin-walled tube equation: rh ¼
p
2t khkz khD� t

khkz

� �
; where rh is the circumferential stress,

p is the blood pressure, kh is the circumferential stretch, kz

is the longitudinal stretch, t the wall thickness and D the

aortic diameter. Note that rh, p, kh, kz are in vivo variables

while D, t are in vitro variables (see Table 3).

This equation allows the computation of the in vivo

circumferential stress considering the following assump-

tions: (a) the longitudinal stretch under in vivo conditions

is kz = 1.2 [15] and (b) the circumferential stretch kh is

estimated from the tensile test measurements, as depicted

in Fig. 4, resulting the values 1.52, 1.47, 1.44 and 1.38 for

groups 0A, 0B, I and II, respectively. Figure 5 shows the

mean circumferential wall stresses computed for every

group of study under the assumption of normotensive

pressure levels (100 mmHg). The in vivo ascending aortic

diameters agree well with those reported in the literature

for healthy specimens of corresponding age (around

30 ± 0.5 mm) [13] and for BAV group (50 ± 4 mm) [19].

For aneurysm group (II), the computed in vivo circumfer-

ential wall stresses is similar to that measured elsewhere

from a group of age-matched patients (65 ± 5 years) [17].

3.2 Stress at the elbow of the tensile curve

Tensile curves of aortic wall specimens display an initial

compliant zone for small and medium strains followed by a

region of higher stiffness. Elastin fibres contribute mostly

to the first part of the curve, while progressive recruitment

Fig. 3 Stretch at failure (mean ± standard error) of ascending aortic

wall samples for healthy and pathologic groups

Fig. 4 Procedure to obtain the circumferential stretch for in vivo

conditions
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and extension of collagen fibres are responsible for the

second region [21]. The transition zone, or elbow point, is

usually well marked and can be characterised by its cor-

responding stress. Figure 6 plots the circumferential elbow

stresses for the four groups of aortic specimens considered

in this work. Elbow stresses were computed from stress–

strain curves, as explained in the ‘‘Appendix’’. Figure 6

also shows the mean circumferential wall stresses produced

by blood pressure (100 mmHg) that were estimated earlier

in this section.

The elbow stress decreases markedly with age, with it

being more than halved in healthy specimens from

0.31 ± 0.02 MPa for group 0A (25 ± 3 years) to

0.14 ± 0.02 MPa for group 0B (51 ± 2 years). Patholo-

gies do not show a subsequent reduction of elbow stress, as

their values do not show significant differences with

respect to group 0B (0.15 ± 0.02 for group I, BAV, and

0.13 ± 0.02 MPa for group II, aneurysm).

4 Discussion

4.1 Aortic wall strength

Although our results are partially in agreement with pre-

vious data reported elsewhere [23], which did not find

significant difference between circumferential and longi-

tudinal specimens of either control or aneurismal tissue of

aged patients, the trend noted in Fig. 5 suggests that a small

anisotropy could be present in both diseased and healthy

aortic walls, as has also been recently reported [16].

While the effect of age on the aortic wall strength had

been noticed in dilated ascending aorta [19], such a phe-

nomenon had not been demonstrated yet in healthy speci-

mens. Figures 3 and 5 show that age has a predominant

role in the mechanical behaviour of the healthy ascending

aortic wall, as tensile mechanical resistance decreases

markedly when age is doubled from group 0A to 0B. This

effect is more pronounced in tensile strength that reduces in

group 0B in circumferential direction up to 55% of value

corresponding to group 0A. In contrast, circumferential

stretch at failure falls only by 22% from the young to the

older specimens. In longitudinal direction, older specimens

retain up to 58 and 89% of the tensile strength and stretch

at failure of younger ones, respectively, with these differ-

ences being statistically significant.

The effect of age is even more remarkable if, as noted in

Figs. 3 and 5, the reduction of stress and stretch at failure

due to aging places the mechanical parameters of healthy

old specimens—either measured in circumferential or

longitudinal directions—at a level statistically undistin-

guishable from pathologic aortas, with the only exception

being the failure stretch of specimens from group I (BAV),

which is significantly lower than the longitudinal stretch of

group 0B. Other values of stretch at failure or tensile

strength from group 0B are statistically similar to BAV

(I) or aneurysm (I) pathologic groups, even though the

mean age of group 0B is a little younger. Our results

confirm recently published data on tensile strength of

healthy and aneurysmal ascending aortic tissues [16] and

stress, the importance of comparison of age-matched

specimens to avoid biased conclusions.

Another interesting result deduced from Figs. 3 and 5 is

that the effect of pathology makes no significant differ-

ences in rupture parameters, as tensile strengths and stret-

ches at failure measured on tissues from patients of

comparable ages were found statistically undistinguishable.

The measured circumferential tensile strengths and stret-

ches for groups I (BAV) and II (aneurysm) are concordant

with the values reported elsewhere on dilated ascending

aortas of age-matching patients [19].

Tensile strengths of ascending aortic tissues are much

higher than wall stresses for all conditions, with factors of

Fig. 5 Tensile strength (mean ± standard error) of ascending aortic

wall samples for healthy and pathologic groups. The mean physio-

logical stress level in the aortic wall at 100 mmHg is shown for each

group

Fig. 6 Elbow stress (mean ± standard error) of ascending aortic wall

samples for healthy and pathologic groups. The mean physiological

stress level in the aortic wall at 100 mmHg is shown for each group
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safety (defined as the ratio of tensile strength to the mean

wall stress) about 20 for group 0A. Interestingly, while

circumferential tensile strength seems to reduce to

approximately the same stress levels for groups 0B (old

healthy), I (BAV) and II (aneurysm), the factor of safety

shows noticeable differences between healthy and patho-

logic groups (10.2 for 0B, and 6.3 and 7.6 for I and II,

respectively), thus reflecting the different working stress at

the vessel wall.

4.2 Mechanical performance of the ascending aortic

wall

The determination of the tensile strength is of unques-

tionable interest in evaluating the deterioration and risk of

rupture of aortic wall. Nevertheless, the results shown

previously from pathologic samples—that were obtained

from patients undergoing aortic replacement—demonstrate

that wall stresses due to the cardiac cycle lie fairly below

the rupture level of aortic wall. In contrast, degeneration

and dilatation of the aortic wall seems to be a continuous

process caused, among other factors, by the permanent

effect of alternating stresses due to blood pressure. From

this perspective, the evaluation of the mechanical perfor-

mance of the aortic tissue at the working point and its

variation with age and pathology is of primary interest to

cardiovascular research.

The circumferential stress level set off by blood pressure

causes the aortic wall to work during the cardiac cycle,

either in the compliant elastin-dominated part before the

elbow or in the stiff collagen-dominated zone beyond it.

Consequently, it is expected that variations in the

mechanical behaviour of the aortic wall produced by age or

pathologies lead to a change in the position of the elbow

point and have a direct effect on the arterial compliance

throughout the cardiac cycle.

When compared to the wall stresses produced by blood

pressure, only the elbow stress of healthy specimens lies

above, meaning that these aortas work in the initial com-

pliant zone. The ratio between the circumferential wall

stress and elbow stress is 0.34 for group 0A and 0.83 for

group 0B, with the older group being close to the upturning

zone. For the pathologic groups the ratio grows to 1.33 and

1.26 (I and II, respectively), meaning that during physio-

logical operation the aorta works in the stiffer part of its

response curve, losing part of its function of damping the

pressure waves from the cardiac beat. The reduction in

distensibility is present in most pathologies, and connected

to deterioration and destructive remodelling of the aortic

wall [9, 16]. Although altered distensibility alone cannot

account for a higher risk of rupture, increases of in vivo

stiffness overload collagen fibres and promote a loss of

elastic fibres [16], enlarging aortic diameter and thereby

raising the wall stress and indirectly influencing the risk of

rupture. Moreover, reduced aortic elasticity and aortic root

dilatation in non-stenotic BAV patients were previously in

in vivo measurements [10].

In conclusion, the mechanical behaviour and strength of

the human ascending aorta, both in healthy and patholog-

ical conditions, have been measured in this work through in

vitro tensile tests. Results show that aging causes a sig-

nificant decrease of rupture loads and elongations at

breaking, comparable to the effect of severe pathologies

such as aneurysm and BAV. While aortic ascending wall

strength decreases significantly beyond the age of 35, the

mean physiological wall stresses acting on either healthy or

pathologic aortas are always far from the rupture point,

displaying factors of safety larger than six. In contrast, the

physiological operation of pathologic vessels seems to be

differentially affected by the disease since, contrary to the

behaviour of healthy control aortas of similar age, patients

with aneurysm and BAV have their ascending aortas

working in the stiff part of its response curve, and

Fig. 7 Stress–stretch curve of the aortic wall

Fig. 8 First derivative of the stress–stretch curve

Med Biol Eng Comput (2012) 50:559–566 565

123



consequently impairing the aortic elasticity. Finally, the

role of biological processes on the mechanical behaviour of

the aortic wall has not been considered in the present

analysis and, therefore, this is an aspect that needs to be

explored in future works.
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Appendix: Determination of the elbow point

of the stress–stretch curve

This appendix explains the method followed to obtain the

coordinates of the transition point of the stress–stretch

curve (Fig. 7). The procedure is based on the first deriva-

tive of the stress–stretch curve (dr/dk) (Fig. 8), that was

obtained numerically for each specimen by means of the

software ‘‘Kaleidagraph�’’.

On the (dr/dk) curve, the transition zone is readily

identified as the nearly linear central region before the

upper plateau, as shown in Fig. 8. The elbow point is

defined in this work as the mid-point of the transition zone

(Fig. 8). The stretch at the elbow (ke) is then determined on

the (dr/dl) curve and the corresponding stress (re) is

obtained directly from the stress–stretch curve.
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