
Contents lists available at ScienceDirect

Journal of the Mechanical Behavior of
Biomedical Materials

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

Effects of clinico-pathological risk factors on in-vitro mechanical properties
of human dilated ascending aorta

Anna Ferraraa,⁎, Pasquale Totarob, Simone Morgantic, Ferdinando Auricchioa

a Dipartimento di Ingegneria Civile e Architettura (DICAr), Università degli Studi di Pavia, Pavia, Italy
b Dipartimento Cardio-Toraco-Vascolare, Fondazione IRCCS, Policlinico San Matteo Pavia, Pavia, Italy
c Dipartimento di Ingegneria Industriale e dell'Informazione (DIII), Università degli Studi di Pavia, Pavia, Italy

A R T I C L E I N F O

Keywords:
Aneurysms
Ascending aorta
Clinico-pathological risk factors
Tissue mechanical properties
Uniaxial tensile tests

A B S T R A C T

Ascending aorta aneurysms (AsAA) are associated with a degeneration of the aortic wall tissue, which leads to
changes in tissue mechanical properties. Risk factors for the development of the AsAA disease are recognized in
patient age and gender, valve type, hypertension, diabetes mellitus, smoking history, and a prior diagnosis of
Marfan syndrome. The present study aims to assess how such clinico-pathological factors can affect the me-
chanical properties of human dilated ascending aorta. Specimens of AsAA are excised from 68 patients who
underwent elective AsAA surgical repair and stretched until rupture during the execution of uniaxial tensile
tests. Experimental stress-stretch curves are used to determine tissue mechanical properties (stress and stretch at
failure point and at transition point, low and high elastic modulus). Data are divided into groups according to
region (anterior vs posterior), direction (circumferential vs longitudinal), and then according to age (young vs
old), gender (male vs female), valve type (tricuspid aortic valve, TAV, vs bicuspid aortic valve, BAV), and pre-
sence of hypertension, diabetes mellitus, and/or Marfan syndrome (yes no/ ). Moreover, data are grouped ac-
cording to the critical value of body mass index (BMI), maximum AsAA diameter, and aortic stiffness index (ASI),
respectively. Finally, a non-parametric statistical analysis is performed to find possible significant differences
and correlations between mechanical properties and clinico-pathological data. Our results confirm the aniso-
tropy and heterogeneity of the AsAA tissue and highlight that ageing and hypertension make the AsAA tissue
weaker and less extensible, whereas the valve type affects the tissue strength with higher values in BAV than in
TAV patients. No effects of gender, critical BMI, critical maximum AsAA diameter, critical ASI, smoking status,
and presence of diabetes mellitus, and Marfan syndrome are evidenced.

1. Introduction

Ascending aorta aneurysm (AsAA) is a progressive and localized
dilatation of the first part of the aorta. Usually, such a dilatation takes
many years to develop remaining silent until the appearance of cata-
strophic complications, e.g., aortic dissection and/or aneurysm rupture.
The presence of genetic mutations (e.g., Marfan syndrome (Gott et al.,
1999; Brooke et al., 2008; Lindeman et al., 2010)), connective tissue
disorders (e.g., Ehler Danlos disorders (Coady et al., 1999; Chu et al.,
2012; Hamaoui et al., 2012)), and/or congenital cardiovascular con-
ditions (e.g., bicuspid aortic valve (Tadros et al., 2009; Siu and
Silversides, 2010; Bilen et al., 2012; Plaisance et al., 2012; Verma and
Siu, 2014)) seem to accelerate the genesis and growth of the aneurysm.
Clinico-pathological risk factors for the development of the AsAA dis-
ease are recognized with a general consensus in patient age, gender,
smoking status, presence of hypertension, diabetes mellitus, severe

atherosclerosis, and a positive family history (Virmani et al., 1991;
Sawabe et al., 2011; Çetin et al., 2012; Howard et al., 2013).

The standard treatment for the AsAA disease is the replacement of
the dilated part of the aorta by surgical repair. The optimal timing of
surgical intervention is established by experienced clinicians and sur-
geons after a balance between the risk of complications involved in the
surgery and the risk of the AsAA rupture (Dapunt et al., 1994; Ergin
et al., 1994; Kouchoukos and Dougenis, 1997; Elefteriades, 2002). Most
of the international guidelines recommend elective surgery when the
aorta reaches a diameter of 5.5 cm (Davies et al., 2002; Elefteriades and
Farkas, 2010) or a lower value in presence of co-morbidities, e.g.,
4.5 cm in patients with Marfan syndrome (Roman et al., 1993) and
4.0 cm in patients with Loeys-Dietz disease (Loeys et al., 2006). Alter-
natively, Davies et al. (2006) recommend elective surgery when the
aortic size index, which takes into account both maximum aortic dia-
meter and body surface area, is greater than 2.75 cm/m2.
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However, the previous mentioned criterion disregard the knowledge
of tissue mechanical properties which, on the contrary, could be helpful
in the prediction of the AsAA rupture and in the selection of the more
appropriate time for elective surgery (Dobrin, 1989; Fillinger et al.,
2003; Fillinger, 2007).

In this regard, it is known that the AsAA formation is characterized
by a structural degeneration of the tissue resulting from alterations in
the content and in the concentration of both elastin and collagen fibers
(Tang et al., 2005; Tsamis et al., 2013). Such a tissue degeneration leads
to changes in the related mechanical properties inducing decreased
local strength and increased wall stresses favouring dissection and/or
rupture phenomena.

As previously mentioned, it is also known that genetic and cardio-
vascular risk factors are also implicated in the development and in the
progression of AsAA. For example, it is shown that patients with a bi-
cuspid aortic valve, BAV, (i.e., a congenital cardiovascular anomaly
occurring when two of the three valve leaflets fuse into one) are more
likely to develop AsAA than patients with a tricuspid aortic valve, TAV,
(i.e., patients without such a valve anomaly) (Losenno et al., 2012;
Abdulkareem et al., 2013). Moreover, the high prevalence of hy-
pertension in patients with AsAA induces to consider the hypertension
as an additional factor for the development of AsAA (Howard et al.,
2013). However, the precise role of clinico-pathological risk factors in
altering AsAA mechanical properties is not well understood.

Moving from such considerations, the present study aims to fill such
a gap by determining the possible effects of clinico-pathological risk-
factor on the in vitro mechanical properties of dilated human ascending
aorta. In particular, we consider the following clinical data: patient age,
gender, body mass index, maximum AsAA diameter, aortic size index,
valve type and the presence of hypertension, diabetes mellitus, smoking
history, and a prior diagnosis of Marfan syndrome. The testing proce-
dure, suited to mechanical characterization, is carried out by using the
same protocol adopted in a previous work of our group (Ferrara et al.,
2016), which mainly focused on the detection of regional/directional
differences in the mechanical response of the AsAA tissue. Herein, in
addition to peak strain, peak stress and maximum elastic modulus
(related to the stiff region of the tensile curve), we also compute the low
elastic modulus (related to the initial compliant region of the tensile
curve) and the so-called transition point between the compliant and the
stiff regions (Guinea et al., 2010; García-Herrera et al., 2012; Babu
et al., 2015). The previous mentioned local mechanical properties are
easily understood by clinicians for their direct mechanical significance
and even more useful for analysis on AsAA groups. Then, we perform
comparisons/correlations between clinical data and mechanical prop-
erties by a non-parametric statistical analysis. The reliability of the
present results is also improved by the consistent enlargement (of about
42%) of patient database than our previous work.

To the author's knowledge, this is the first study documenting at the

same time the size effects of a large number of clinico-pathological on
different in-vitro mechanical properties of AsAA tissue. It is hoped that
the present work may provide a valid contribution to a better under-
standing of the role of clinico-pathological factors in altering aortic
mechanical properties of the AsAA tissue, and an improved clarification
of the causes of aortic dissection and/or rupture.

2. Materials and method

2.1. Clinical data

The present study includes 68 patients (where the first 46 were
considered in our previous study (Ferrara et al., 2016)) who underwent
elective AsAA surgical repair at IRCCS Policlinico San Matteo of Pavia,
Italy, between May 2013 and December 2016.

Clinical data of considered patients, as age, gender, maximum
preoperative AsAA diameter, body weight and height are collected from
clinical charts. In particular, the maximum AsAA diameter is measured
at the systolic condition during the echocardiography or computed
tomography exams. Given patient's body weight and height, the body
surface area (BSA) is computed with the formula of Du Bois and Du Bois
(1989): BSA = × ×height weight[m ] 0.20247 [m] [kg]2 0.725 0.425, whereas
the body mass index (BMI) is calculated as: BMI = weight[kg/m ] [kg]2

divided by height [m] × height [m], and the aortic size index (ASI) as
Davies et al. (2006): ASI = maximum AsAA diameter[cm/m ] [cm]2 di-
vided by BSA [m ]2 . Clinical data include also positive smoking status,
presence of tricuspid or bicuspid aortic valve (TAV vs BAV), presence or
not of hypertension, diabetes mellitus, or a prior diagnosis of Marfan
syndrome.

2.2. Mechanical characterization

The experimental procedure, for mechanical characterization, is
conducted at the Department of Civil Engineering and Architecture of
the University of Pavia within 12–24 h from surgery. The use of human
tissues is approved by the Ethical Committee of IRCCS and informed
consent is obtained from patients.

2.2.1. Testing procedure
Preparation and testing procedure is carried out by the same op-

erator according to a standard protocol useful for biological materials.
More details on the adopted procedure can be found in our previous
study (Ferrara et al., 2016). In the following, we outline the main as-
pects.

A tubular portion of ascending aorta is harvested above the sino-
tubular junction from each patient during surgical repair, stored in
isotonic physiological solution, and kept in a refrigerator at 4 °C until
specimen preparation and mechanical testing. After equilibration at

Fig. 1. Representative pictures of (a) fresh tubular sample of dilated ascending aorta (AsAA), (b) anterior (A) and posterior (P) regions excised from the tubular sample, (c) dog-bone-
shaped specimen excised in the circumferential (C) and longitudinal (L) directions from the two regions.
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room temperature and cleaning of the AsAA sample, as shown in Fig. 1,
dog-bone-shaped strips are excised with circumferential and long-
itudinal directions from the anterior region (i.e., the zone with lesser
curvature) and the posterior region (i.e., the zone with greater curva-
ture), respectively. In some cases, when the two regions are quite large,
multiple specimens are obtained for both directions. Before testing
procedure, specimen width, thickness, and gauge length are measured
as previously described (Ferrara et al., 2016).

Mechanical tests are performed at room temperature using a MTS
Insight Testing System 10 kN (MTS System Corporation) equipped with
a 250 N load-cell, two pneumatic grips, and a video extensometer
(model ME-46 Messphysik, Fürstenfeld, Austria). The specimens are
preconditioned with 10 successive loading-unloading cycles from a
minimum load of 0.1 N to a maximum load of 0.5 N and then stretched
until rupture at a constant cross-head speed of 10 mm/min. During the
testing procedure, the specimen tissue is kept wet by a spray of isotonic
physiological solution to ensure tissue hydration. Then, the current
gauge length and the applied load are continuously recorded with a
sampling frequency of 10 Hz.

2.2.2. Pre-processing
Before any computations, we exclude from the study the experi-

mental data corresponding to tests with slippage at the grips or rupture
outside the markers. Then, only for the successful tests, we eliminate
the data recorded after specimen rupture. From the load-elongation
data and initial specimen dimensions, we compute the stretch ratio as

=λ l l/ 0, and the Cauchy stress as =σ λF w t/( )0 0 , with l and l0 the cur-
rent and initial gauge lengths, F the applied load, w0 the initial width,
and t0 the initial thickness. The incompressible assumption is also used
for the stress computation. The pre-processing is performed using
Matlab R2011 (The MathWorks, Inc., Natick, MA, U.S.A.).

2.2.3. Mechanical properties
Elastin and collagen fibers are the main components of the arterial

wall determining the related mechanical response under loading con-
ditions (Roach and Burton, 1957). The typical stress-stretch curve has a
J-shaped aspect with a compliant elastin-dominated region at the low-
stress range turning into a stiff collagen-dominated region at the high-
stress range.

With respect to the collagen-dominated region, similarly to our pre-
vious work (Ferrara et al., 2016), we define the peak stretch (i.e., an
index of tissue extensibility), the peak stress (i.e., an index of tissue
strength), and the high elastic modulus (i.e., an index of tissue stiff-
ness). Briefly, the peak stretch λU and peak stress σU are computed as
the stretch and the stress of the maximum point of the tensile curve
before failure, whereas the high elastic modulus EH is computed as the
highest slope of the tensile curve, as shown in Fig. 2. It is worth noting

that the point of highest slope occurs either inside the collagen-domi-
nated region or near to the failure point. In the following, we label the
set λU, σU, EH as ultimate mechanical properties.

With respect to the elastin-dominated region, herein, we define the
low elastic modulus and the so-called transition point. The low elastic
modulus EL is computed as the slope of the initial linear part of the
tensile curve, whereas the transition point (λT, σT) is obtained by the
intersection of the lines of minimum and maximum slope, as shown in
Fig. 2. In the following, we label the set λT, σT, EL as initial mechanical
properties.

2.3. Statistics

The statistical analysis includes descriptive, comparative, and cor-
relation operations between the mechanical properties (i.e., the outcome
variables) and the clinico-pathological data (i.e., the explanatory vari-
ables). Before any statistical data elaboration, the normal distribution of
the considered mechanical data is verified by using the Shapiro-Wilk
test (Shapiro and Wilk, 1965). Due to the presence of outliers and ex-
tremes, most of the variables are no-normal distributed so that non-
parametric tests are used in the analysis (Corder and Foreman, 2014).

Descriptive statistics. The data are represented by minimum, max-
imum, mean ± standard deviation, median and inter-quartile range
[Q1, Q3] with Q1 and Q3 the 25th and the 75th percentiles, respectively.
Then, the data are summarized graphically in bar plots.

Comparative statistics. The Mann-Whitney U test is used to determine
signi?cant differences in the outcome variables categorized into two
independent groups according to the categoricalexplanatory variables,
i.e., specimen direction (circumferential vs longitudinal), sample region
(anterior vs posterior), valve type (TAV vs BAV), gender (male vs fe-
male), age (young vs old), critical BMI (under/over 28 kg/m2), critical
maximum AsAA diameter (under/over 50 mm), critical ASI (under/
over 27.5 mm/m2), smoking status (yes no/ ) and, finally, according to
the presence of hypertension, diabetes mellitus, and Marfan syndrome
(yes no/ ).

Correlation statistics. The non-parametric Spearman Rank Order test
is used to determine if the outcome variables correlate significantly
with the continuous explanatory variables, i.e., age, BMI, maximum
AsAA, and ASI.

For all tests a statistical significance is assumed for a p-value less
than 0.05. Statistical analyses are performed using a SPSS v.20 (SPSS
Inc, Chicago, IL, USA).

3. Results

3.1. Characteristic of study population

Characteristics of the considered study population are: 44 male and
24 female, age 62±14 years, weight 74±18 kg, height
1.70±0.10 m, BSA 1.87±0.22 m2, BMI 25.45± 5.24 kg/m2, max-
imum AsAA diameter 53±7 mm, and ASI 28.5± 4.7 mm/m2.
Moreover, 45 patients have a critical age (i.e., > 60 years), 30 a critical
BMI (i.e., >28 kg/m2), 35 a critical AsAA diameter (i.e., >50 mm), and
37 a critical ASI (i.e., >27.5 mm/m2). Then, 37 patients have hy-
pertension, 8 diabete mellitus, 4 Marfan syndrome, and 5 are smokers.
The study population also includes 48 TAV (32 male; 16 female; age
65.4±11.9 years) and 20 BAV (12 male; 8 female; age 54.4± 15.3
years) patients. Significant differences are found between TAV and BAV
groups in the age (65.4± 11.92 vs 54.4±15.3 years, p = 0.0043), and
tissue thickness (1.98±0.31 vs 1.69± 0.23 mm, p = 0.0007). There
are no statistical difference between TAV and BAV groups in the BMI,
maximum AsAA diameter, and ASI (data not shown).

3.2. Characteristic of AsAA specimens

The total number of excised specimens and, then, of executed tests is

Fig. 2. Representative stress-stretch curve for a human AsAA specimen. The dashed lines
represent the lines of minimum and maximum slope used to compute EL and EH, re-
spectively. (•) Failure point, (○) transition point, and (*) point of maximum slope.
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540. Less than 29% of the total number is excluded from the study
because of slippage at the grips, rupture outside the markers, and/or
low quality of the stress-stretch curve. After exclusion, 382 tests (about
71%) are considered for the data mechanical characterization.
Specimens are categorized into groups according to (i) direction: cir-
cumferential vs longitudinal (nC = 224, nL = 158), and (ii) region:
anterior (nC = 139, nL = 107) vs posterior (nC = 85, nL = 51). For each
considered specimen, we compute the ultimate mechanical properties
(λU, σU, EH), and initial mechanical properties (λT, σT, EL), as described
in Section 2.2.3. For the region/direction groups where multiple spe-
cimens are obtained, we average the multiple values of mechanical
properties. After averaging, the number of data reduces to nC = 62, nL
= 54 in the anterior region, and nC = 56, nL = 36 in the posterior
region. It is worth noting that intra-patient variations in the mechanical
response are also observed in some patients for which multiple speci-
mens were obtained (data not shown), evidencing the marked hetero-
geneity and anisotropy in the underlying micro-structure of the AsAA
tissue.

3.3. Descriptive statistical results

Minimum and maximum values together with means ± standard
deviations, medians, and inter-quartile ranges of ultimate and initial
mechanical properties are listed for each region/direction group in
Tables 1, 2, respectively.

3.4. Comparative statistical results

In the following, we report the results of comparative statistical
analyses performed on both ultimate and initial mechanical properties
with respect to specimen parameters, patient demographics and risk
factors.

3.4.1. Direction effects: circumferential vs longitudinal

• Ultimate mechanical properties

There are no significant differences in the peak stretch, λU, between
the two directions for each region and when data from both regions are
pooled (data not shown).

Instead, as shown in Fig. 3(a), there are significant differences in the
peak stress, σU, between the circumferential and longitudinal directions
for the anterior region (1.383± 0.630 vs 0.832±0.4440 MPa,

= −p e3.02 07), posterior region (1.681± 0.723 vs
0.717± 0.260 MPa, = −p e5.83 11), and when data from both regions
are pooled (1.535± 0.635 vs 0.822± 0.401 MPa, = −p e1.98 10).
Values of σU are higher in the circumferential direction than in the

longitudinal direction.
As shown in Fig. 3(b), there are significant differences in the high

elastic modulus, EH, between the circumferential and longitudinal di-
rections for the anterior region (13.601± 6.205 vs 6.341±3.844 MPa,

= −p e2.011 11), posterior region (20.272± 10.771 vs
5.092±2.329 MPa, = −p e1.49 13), and pooled data (16.991± 8.111
vs 6.004± 3.407 MPa, = −p e1.71 15). Values of EH are higher in the
circumferential direction than in the longitudinal direction.

• Initial mechanical properties

There are no significant differences in the low elastic modulus, EL,
between the two directions for each region and when data from both
regions are pooled (data not shown).

However, as shown in Fig. 4(a), there are significant differences in
the transition stretch, λT, between the circumferential and longitudinal
directions for the anterior region (1.227± 0.139 vs
1.176±0.110 MPa, p = 0.0398), posterior region (1.273±0.130 vs
1.155±0.076 MPa, = −p e1.44 06), and pooled data (1.252± 0.129
vs 1.178±0.102 MPa, = −p e9.80 05). Values of λT are higher in the
circumferential direction than in the longitudinal direction.

As shown in Fig. 4(b), there are significant differences in the tran-
sition stress, σT, between the circumferential and longitudinal direc-
tions for the anterior region (0.102± 0.052 vs 0.080± 0.040 MPa, p=
0.0106), posterior region (0.129±0.059 vs 0.085±0.038 MPa,

= −p e8.74 05), and pooled data (0.116±0.050 vs
0.086±0.038 MPa, = −p e1.56 04). Values of σT are higher in the
circumferential direction than in the longitudinal direction.

3.4.2. Region effects: Greater vs lower curvature

• Ultimate mechanical properties

There are no significant differences in the peak stretch, λU, between
the two regions for each direction (data not shown).

Instead, as shown in Fig. 3(a), there are significant differences in the
peak stress, σU, between the anterior and posterior regions for the only
circumferential direction (1.383± 0.630 vs 1.681±0.723 MPa, p =
0.023). Values of σU are higher in the posterior region than in the
anterior region.

As shown in Fig. 3(b), there are significant differences in the high
elastic modulus, EH, between the anterior and posterior regions for the
only circumferential direction (13.601± 6.205 vs
20.272±10.771 MPa, = −p e1.53 04). Values of EH are higher in the
posterior region than in the anterior region.

• Initial mechanical properties

Table 1
Ultimate mechanical properties: minimum and maximum values, means ± standard deviations (SD), medians and inter-quartile ranges among the different region/direction groups.

Ultimate mechanical properties for the stiff region

Variable Group Valid N Minimum Maximum Mean ± SD Median Q Q[ , ]1 3

λU [−] AC 62 1.095 1.825 1.329 ± 0.154 1.286 [1.207, 1.420]
σU [MPa] AC 62 0.350 3.274 1.383 ± 0.630 1.289 [0.881, 1.795]
EH [MPa] AC 62 2.522 35.50 13.60 ± 6.205 13.20 [9.69, 15.97]
λU [−] AL 54 1.1285 1.9715 1.312 ± 0.150 1.277 [1.220, 1.353]
σU [MPa] AL 54 0.2704 2.2257 0.832 ± 0.444 0.707 [0.542, 1.003]
EH [MPa] AL 54 1.9383 23.564 6.341 ± 3.844 5.561 [3.729, 7.336]
λU [−] PC 56 1.0628 2.0336 1.366 ± 0.162 1.328 [1.267, 1.451]
σU [MPa] PC 56 0.6005 3.7395 1.681 ± 0.723 1.661 [1.049, 2.188]
EH [MPa] PC 56 1.9260 54.988 20.27 ± 10.77 18.62 [13.45, 25.55]
λU [−] PL 36 1.0930 1.5714 1.296 ± 0.107 1.295 [1.215, 1.358]
σU [MPa] PL 36 0.1898 1.3641 0.717 ± 0.260 0.725 [0.593, 0.859]
EH [MPa] PL 36 1.2563 10.410 5.092 ± 2.329 4.889 [3.231, 6.888]

A=anterior region; P=posterior region; C=circumferential direction; L=longitudinal direction.
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There are no significant differences in the low elastic modulus, EL,
between the two regions for each direction (data not shown).

However, as shown in Fig. 4(a), there are significant differences in
the transition stretch, λT, between the anterior and posterior regions for
the only circumferential direction (1.227±0.139 vs
1.273± 0.130 MPa, p = 0.0156). Values of λT are higher in the pos-
terior region than in the anterior region.

As shown in Fig. 4(b), there are significant differences in the tran-
sition stress, σT, between the anterior and posterior regions for the only
circumferential direction (0.102±0.052 vs 0.129± 0.059 MPa, p =
0.004). Values of σT are higher in the posterior region than in the
anterior region.

3.4.3. Age effects: Young vs old

• Ultimate mechanical properties

There are no significant differences in the high elastic modulus, EH,
between groups of younger and older patients for all region/direction
subgroups (data not shown).

Instead, as shown in Fig. 5(a), there are significant differences in the
peak stretch, λU, between groups of younger and older patients in the
(i) circumferential direction for the anterior region (1.471± 0.164 vs
1.262± 0.093, = −p e3.92 06), posterior region (1.513± 0.206 vs
1.312± 0.101, = −p e2.32 04), and pooled data (1.489± 0.179 vs
1.290± 0.090, = −p e9.30 06), and (ii) longitudinal direction for the
anterior region (1.479± 0.186 vs 1.247±0.058, = −p e1.81 05),
posterior region (1.375±0.113 vs 1.277±0.098, p = 0.038), and
pooled data (1.461±1.473 vs 1.261± 1.272, = −p e5.08 06). Values
of λU are higher in the group of younger patients than in the group of

older patients.
As shown in Fig. 5(b), there are significant differences in the peak

stress, σU, between groups of younger and older patients in the (i) cir-
cumferential direction for the anterior region (1.750±0.775 vs
1.209±0.465 MPa, p = 0.006), and pooled data (1.868± 0.738 vs
1.379±0.520 MPa, p = 0.006), and (ii) longitudinal direction for the
anterior region (1.192±0.547 vs 0.694±0.306 MPa, p = 0.001), and
pooled data (1.135±1.009 vs 0.697±0.239 MPa, p = 0.003). Values
of σU are higher in the group of younger patients than in the group of
older patients.

• Initial mechanical properties

There are no significant differences in the low elastic modulus, EL,
between groups of younger and older patients for all region/direction
subgroups (data not shown).

However, as shown in Fig. 6(a), there are significant differences in
the transition stretch, λT, between groups of younger and older patients
in the (i) circumferential direction for the anterior region
(1.356±0.151 vs 1.166±0.078, = −p e4.22 06), posterior region
(1.397±0.154 vs 1.227±0.084, = −p e2.15 04), and pooled data
(1.367±0.151 vs 1.199±0.072, = −p e5.92 06), and (ii) longitudinal
direction for the anterior region (1.304±0.128 vs 1.126±0.044,

= −p e2.70 06), posterior region (1.227± 0.092 vs 1.137±0.062, p=
0.012), and pooled data (1.295± 0.113 vs 1.132±0.045,

= −p e9.30 07). Values of λT are higher in the group of younger pa-
tients than in the group of older patients.

As shown in Fig. 6(b), there are significant differences in the tran-
sition stress, σT, between groups of younger and older patients in the (i)
circumferential direction for the anterior region (0.142± 0.062 vs

Table 2
Initial mechanical properties: minimum and maximum values, means ± standard deviations (SD), medians and inter-quartile ranges among the different region/direction group.

Initial mechanical properties for the compliant region

Variable Group Valid N Minimum Maximum Mean ± SD Median Q Q[ , ]1 3

λT [−] AC 62 1.041 1.664 1.227 ± 0.139 1.195 [1.120, 1.311]
σT [MPa] AC 62 0.029 0.313 0.102 ± 0.052 0.090 [0.069, 0.129]
EL [MPa] AC 62 0.100 5.505 0.644 ± 0.762 0.461 [0.348, 0.669]
λT [−] AL 54 1.045 1.560 1.176 ± 0.110 1.143 [1.113, 1.195]
σT [MPa] AL 54 0.030 0.188 0.080 ± 0.040 0.071 [0.047, 0.094]
EL [MPa] AL 54 0.233 1.966 0.560 ± 0.361 0.432 [0.325, 0.651]
λT [−] PC 56 1.050 1.684 1.273 ± 0.130 1.260 [1.176, 1.348]
σT [MPa] PC 56 0.036 0.294 0.129 ± 0.059 0.120 [0.083, 0.163]
EL [MPa] PC 56 0.150 1.827 0.574 ± 0.357 0.472 [0.345, 0.662]
λT [−] PL 36 1.030 1.409 1.155 ± 0.076 1.146 [1.104, 1.184]
σT [MPa] PL 36 0.036 0.193 0.085 ± 0.038 0.075 [0.060, 0.095]
EL [MPa] PL 36 0.223 3.744 0.761 ± 0.784 0.488 [0.377, 0.822]

A=anterior region; P=posterior region; C=circumferential direction; L=longitudinal direction.

Fig. 3. Bar plots of (a) peak stress, σU, and (b) high elastic modulus, EH, in the circumferential vs longitudinal and among different regions: anterior vs posterior vs pooled data, and
directions. Values are expressed as median and interquartile range. * <p 0.05 and ** <p 0.001 compared to the circumferential direction. † <p 0.05 and ‡ <p 0.001 compared to the
anterior region.
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0.083± 0.033 MPa, = −p e4.35 05), posterior region (0.170± 0.051
vs 0.114±0.054 MPa, = −p e7.59 04), and pooled data
(0.157±0.054 vs 0.097± 0.036 MPa, = −p e8.18 06), and (ii) long-
itudinal direction for the anterior region (0.113±0.042 vs
0.068± 0.032 MPa, = −p e1.66 04), and pooled data (0.115± 0.042
vs 0.074± 0.029 MPa, = −p e7.18 04). Values of σT are higher in the
group of younger patients than in the group of older patients.

3.4.4. Hypertension effects: Normo- vs hyer-tensive

• Ultimate mechanical properties

There are no significant differences in the high elastic modulus, EH,
between normotensive and hypertensive patients for all region/direc-
tion groups (data not shown).

Instead, as shown in Fig. 7(a), there are significant differences in the
peak stretch, λU, between normotensive and hypertensive patients in
the only circumferential direction for the anterior region
(1.282±0.132 vs 1.395± 0.165, p = 0.005), posterior region
(1.322±0.099 vs 1.421±0.210, p = 0.046), and pooled data
(1.307±0.112 vs 1.404±0.182, p = 0.018). Values of λU are higher
for the normotensive patients than in the hypertensive patients.

As shown in Fig. 7(b), there are significant differences in the peak
stress, σU, between normotensive and hypertensive groups in the only
circumferential direction for the anterior region (1.131± 0.473 vs
1.732± 0.669 MPa, = −p e4.78 04), and pooled data (1.309± 0.495
vs 1.814± 0.695 MPa, p = 0.003). Values of σU are higher in the
normotensive patients than in the hypertensive patients.

• Initial mechanical properties

There are no significant differences in the transition stress, σT, and
low elastic modulus, EL, between normotensive and hypertensive pa-
tients for all region/direction subgroups (data not shown).

However, as shown in Fig. 8, there are significant differences in the
transition stretch, λT, between normotensive and hypertensive patients
in the only circumferential direction for the anterior region
(1.187±0.113 vs 1.284± 0.154, p = 0.012), and pooled data
(1.217±0.096 vs 1.297± 0.153, p = 0.044). Values of λT are higher
in the normotensive patients than in the hypertensive patients.

3.4.5. Valve type effects: BAV vs TAV

• Ultimate mechanical properties

There are no significant differences in the high elastic modulus, EH,
between TAV and BAV patients for all region/direction groups (data not
shown).

Instead, as shown in Fig. 9(a), there are significant differences in the
peak stretch, λU, between TAV and BAV patients in the (i) circumfer-
ential direction for the anterior region (1.425±0.176 vs
1.293±0.132, p = 0.006), posterior region (1.475±0.213 vs
1.320±0.114, p = 0.005), and pooled data (1.446± 0.180 vs
1.311±0.123, p = 0.003), and (ii) longitudinal direction for the
anterior region (1.404± 0.208 vs 1.275±0.106, p = 0.006), and
pooled data (1.389± 0.154 vs 1.286± 0.107, p = 0.004). Values of λU
are higher in the BAV patients than in the TAV patients.

As shown in Fig. 9(b), there are significant differences in the peak
stress, σU, between TAV and BAV patients in the only circumferential
direction for the anterior region (1.660±0.603 vs 1.282±0.621 MPa,
p = 0.022), and pooled data (1.782±0.590 vs 1.432±0.638 MPa, p

Fig. 4. Bar plots of the (a) stretch λT and (b) stress σT at the transition point in the circumferential vs longitudinal and among different regions: anterior vs posterior vs pooled data, and
directions. Values are expressed as median and interquartile range. * <p 0.05 and ** <p 0.001 compared to the circumferential direction. † <p 0.05 and ‡ <p 0.001 compared to the
anterior region.

Fig. 5. Comparison between groups of younger and older patients with respect to ultimate mechanical properties. Bar plots of (a) peak stretch, λU, and (b) peak stress, σU , in the
circumferential (C) and longitudinal (L) directions and among different regions: anterior vs posterior vs pooled data. Values are expressed as median and interquartile range. * <p 0.05 and
** <p 0.001 compared to the group of younger patients.

A. Ferrara et al. Journal of the Mechanical Behavior of Biomedical Materials 77 (2018) 1–11

6



= 0.021). Values of σU are higher in the BAV patients than in the TAV
patients.

• Initial mechanical properties

There are no significant differences in the low elastic modulus, EL,
between TAV and BAV patients for all region/direction subgroups (data
not shown).

However, as shown in Fig. 10(a), there are significant differences in
the transition stretch, λT, between TAV and BAV patients in the (i)
circumferential direction for the anterior region (1.316± 0.157 vs
1.195± 0.117, p = 0.007), posterior region (1.366± 0.159 vs
1.233± 0.095, p = 0.004), and pooled data (1.336±0.148 vs
1.218± 0.105, p = 0.003), and (ii) longitudinal direction for the
anterior region (1.241±0.141 vs 1.151±0.087, p = 0.012), and
pooled data (1.227± 0.122 vs 1.157±0.087, p = 0.017). Values of λT
are higher in the BAV patients than in the TAV patients.

As shown in Fig. 10(b), there are significant differences in the
transition stress, σT, between TAV and BAV patients in the only cir-
cumferential direction for the anterior region (0.111± 0.034 vs
0.099± 0.058 MPa, p = 0.040). Values of σT are higher in the BAV
patients than in the TAV patients.

3.4.6. Other clinical effects
No significant differences are found in the mechanical properties

when grouped by gender, critical BMI, critical maximum AsAA dia-
meter, critical ASI, smoking status, and presence or not of diabetes
mellitus, and Marfan syndrome (data not shown).

3.5. Correlation statistical results

In the following, we report the results of correlation statistical
analyses performed on both ultimate and initial mechanical properties
with respect to continuous patient demographics and risk factors.

3.5.1. Correlations with age

• Ultimate mechanical properties

Fig. 6. Comparison between groups of younger and older patients with respect to initial mechanical properties. Bar plots of (a) the stretch λT and (b) the stress σT at the transition point in
the circumferential (C) and longitudinal (L) directions and among different regions: anterior vs posterior vs pooled data. Values are expressed as median and interquartile range. * <p 0.05
and ** <p 0.001 compared to the group of younger patients.

Fig. 7. Comparison between normotensive (NT) and hypertensive (HT) patients with respect to ultimate mechanical properties. Bar plots of (a) peak stretch, λU, and (b) peak stress, σU, in
the circumferential (C) and longitudinal (L) directions and among different regions: anterior vs posterior vs pooled data. Values are expressed as median and interquartile range. * <p 0.05
and ** <p 0.001 compared to normotensive (NT) patients.

Fig. 8. Comparison between normotensive (NT) and hypertensive (HT) patients with
respect to initial mechanical properties. Bar plots of the stretch λT at the transition point
in the circumferential (C) and longitudinal (L) directions and among different regions:
anterior vs posterior vs pooled data. Values are expressed as median and interquartile
range. * <p 0.05 compared to normotensive (NT) patients.
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There are no significant correlations between high elastic modulus
EH and age for all region/direction subgroups (data not shown).

There are significant negative correlations between age and peak
stretch λU in the anterior region (circumferential, = −ρ 0.650, <p 0.05;
longitudinal, = −ρ 0.704, <p 0.05), posterior region (circumferential,

= −ρ 0.607, <p 0.05; longitudinal, = −ρ 0.471 and <p 0.05), and
pooled data (circumferential, = −ρ 0.626, <p 0.05; longitudinal,

= −ρ 0.718 and <p 0.05).
There are significant negative significant correlations between age

and peak stress σU in the anterior region (circumferential, = −ρ 0.397,
<p 0.05; longitudinal, = −ρ 0.424, <p 0.05), posterior region (only

circumferential, = −ρ 0.326, <p 0.05), and pooled data (circumfer-
ential, = −ρ 0.406, <p 0.05; longitudinal, = −ρ 0.412 and <p 0.05).

• Initial mechanical properties

There are negative significant correlations between transition
stretch λT and age for the anterior region (circumferential, = −ρ 0.654,

<p 0.05; longitudinal, = −ρ 0.726, <p 0.05), posterior region (cir-
cumferential, = −ρ 0.577, <p 0.05; longitudinal, = −ρ 0.506 and

<p 0.05), and pooled data (circumferential, = −ρ 0.639, <p 0.05;
longitudinal, = −ρ 0.705 and <p 0.05).

There are negative significant negative correlations between age
and transition stress σT i n the anterior region (circumferential,

= −ρ 0.487, <p 0.05; longitudinal, = −ρ 0.438, <p 0.05), posterior re-
gion (only circumferential, = −ρ 0.441, <p 0.05), and pooled data
(circumferential, = −ρ 0.555, <p 0.05; longitudinal, = −ρ 0.372 and

<p 0.05).

3.5.2. Other correlations
No-significant correlations are found between mechanical proper-

ties and BMI, maximum AsAA diameter, ASI, and thickness (data not
shown).

4. Discussion

4.1. Regional and directional effects

As already found in our previous study (Ferrara et al., 2016), our
results evidence the anisotropy and the heterogeneity of the AsAA
tissue. With respect to the direction, we find that σU and EH are sig-
nificantly higher in the circumferential than in the longitudinal one for
both the anterior/posterior regions, whereas no significant differences
are found for λU. With respect to the region, we find that σU and EH are
significantly lower in the anterior region for the only circumferential
direction, whereas no significant differences between anterior and
posterior regions are found for λU. Similarly, we find regional and di-
rectional differences in λT and σT, but not in EL.

Our results on the directional dependence of strength and stiffness
are consistent, respectively, with the work of Pham et al. (2013), which
found higher strength in the circumferential than longitudinal direc-
tion, and with the works of Duprey et al. (2010) and Khanafer et al.
(2011), which found higher stiffness in the circumferential than in the
longitudinal direction (only for the region with smaller curvature in the
work of Khanafer et al., 2011). Our results on the regional dependence
of strength and stiffness are consistent with the work of Iliopoulos et al.
(2009a), which found the lowest value of strength and stiffness in the
anterior region. Similarly, Duprey et al. (2010) and Khanafer et al.
(2011) found significant lower values of stiffness in the region with

Fig. 9. Comparison between TAV and BAV patients with respect to ultimate mechanical properties. Bar plots of (a) peak stretch, λU, and (b) peak stress, σU, in the circumferential (C) and
longitudinal (L) directions and among different regions: anterior vs posterior vs pooled data. Values are expressed as median and interquartile range. * <p 0.05 compared to TAV patients.

Fig. 10. Comparison between TAV and BAV patients with respect to initial mechanical properties. Bar plots of (a) the stretch λT, and (b) the stress σT at the transition point in the
circumferential (C) and longitudinal (L) directions and among different regions: anterior vs posterior vs pooled data. Values are expressed as median and interquartile range. * <p 0.05 and
** <p 0.001 compared to TAV group.
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smaller curvature only for the longitudinal direction. A dependence of
the stiffness on the region, but not on the direction, was also found by
Choudhury et al. (2009). On the contrary, our results do not corrobo-
rate those of Vorp et al. (2003), which found no significant differences
in the strength and stiffness between the two directions, and those of
Azadani et al. (2012), which found no significant differences in the
stiffness between the anterior and posterior regions.

4.2. Ageing effects

As already found in our previous study (Ferrara et al., 2016), our
results evidence the ageing dependence of AsAA tissue mechanical
properties. In particular, we find that λU and σU decrease significantly
with age and that, when patients are divided into two age groups, λU
and σU are higher in the group of younger patients (<60 years) than in
the group of older patients. It is unexpected to find no significant de-
pendence between age and EH, because it is generally accepted by
clinicians that the aortic tissue becomes progressively stiffer with
ageing (Mitchell et al., 2004). Such as discrepancy may be due to the
difference in the stiffness definition. In fact, herein, we refer to the so-
called material stiffness, which is the highest gradient of the stress-
stretch curves before failure, whereas clinicians usually refer to the so-
called effective stiffness, which is a measure of the physiological stiffness
and computed from non-invasive clinical measurements (O'Rourke
et al., 2002). However, we find that the coordinates of transition point
(λT and σT) decrease significantly with ageing, and that, on average, the
stress-stretch curves obtained from specimens of older patients are
shifted leftward with respect to curves from younger patients (data not
shown). In this sense, due to the rapid increase of stresses in the com-
pliant elastin-dominated region, we can indicate a stiffening of the AsAA
tissue associated to ageing.

Our results are consistent with the work of Okamoto et al. (2003),
which found that the strength and the extensibility decrease sig-
nificantly with age and that, when patients are divided into two age
groups, greater values of strength and extensibility occur in the group of
younger patients (< 50 years) than in the group of older patients. Si-
milarly, Pham et al. (2013) found that the strength decrease sig-
nificantly with age but only in the AsAA tissue of BAV patients. On the
contrary, Khanafer et al. (2011) found no correlations between age and
strength in the circumferential and longitudinal directions of human
dilated ascending aorta. Finally, García-Herrera et al. (2012) and
Haskett et al. (2010) found negative correlations between age and
mechanical properties for the human healthy ascending aorta, whereas
Guinea et al. (2010), Haskett et al. (2010), Groenink et al. (1999) and
Sherebrijn et al. (1989) found similar decreasing trend with age for the
human healthy descending aorta. In agreement with our results, Guinea
et al. (2010) also found that the circumferential and longitudinal
stresses at the transition point decrease monotonically with age. On the
contrary, Babu et al. (2015) found no difference in such stresses be-
tween the group of younger patients (≤ 50 years) and the group of older
patients.

4.3. Hypertension effects

Our results evidence changes in the mechanical properties between
hypertensive and normotensive patients. In particular, we find a ten-
dency of λU and σU to be lower in hypertensive than in normotensive
patients. It is unexpected to find no significant dependence between
hypertension and EH, because it is generally accepted by clinicians that
tissue becomes progressively stiffer in presence of hypertension
(O'Rourke, 1990). As discussed above, this discrepancy may be due to
the difference in the stiffness definition. However, we find that the
coordinates of transition point (λT and σT) are lower in the hypertensive
than normotensive patients (with significant differences only for λT),
and that, on average, the stress-stretch curves obtained from specimens
of hypertensive patients are shifted leftward with respect curves from

normotensive patients (data not shown). In this sense, due to the rapid
increase of stresses in the compliant elastin-dominated region, we can
indicate a stiffening of the AsAA tissue associated to hypertension.

To the author's knowledge, Pham et al. (2013) is the first to in-
vestigate, from the biomechanical point of view, hypertension-related
changes in the aortic stiffness. In particular, they found significant
higher values of longitudinal stiffness (i.e., the secant modulus at 60 N/
m membrane tension) in hypertensive than in normotensive patients.

4.4. Valve type effects

Our records suggest that BAV patients are significant younger than
TAV patients as from clinical observations (Pichamuthu et al., 2013;
Gleason, 2005), and that the AsAA tissue is significantly thinner in BAV
than TAV patients as found in previous studies (Pham et al., 2013;
Choudhury et al., 2009). With respect to the mechanical properties, we
find a tendency of λU and σU to be higher in BAV than TAV patients,
whereas no significant differences are found for EH. In addition, we find
that the coordinates of transition point (λT and σT) increase in BAV
patients and that, on average, the BAV stress-stretch curves are shifted
rightward to the TAV ones (data not shown). However, our results
could be skewed by the age discrepancy between TAV and BAV patients
with the first generally older than the second. In fact, as previously
observed, ageing impairs the strength of the aortic tissue and such an
effect could be so large to encompass the effects of other risk factors.
Accordingly, the ageing dependence of AsAA tissue mechanical prop-
erties suggest the importance of considering age-matched groups for
more appropriate conclusions.

However, our results on strength and extensibility are consistent
with the work of Forsell et al. (2014), which found that BAV group have
higher (circumferential) strength than TAV group, whereas the two
groups do not differ in the (circumferential) stretch at failure. Similarly,
Pichamuthu et al. (2013) found that the strength of BAV group is higher
than TAV group in both directions. Contrary to our work, higher stiff-
ness in BAV than TAV groups are found in both directions by Pham
et al. (2013), in the circumferential direction by Forsell et al. (2014),
Pichamuthu et al. (2013), Duprey et al. (2010), and at low strain range
by Choudhury et al. (2009).

4.5. Other clinical effects

Despite the maximum AsAA diameter is accepted in the clinical
practice for assessing the AsAA rupture risk, we find no significant
dependence between AsAA diameter and mechanical properties. Our
results are consistent with the works of Iliopoulos et al. (2009b) and
Khanafer et al. (2011) wherein weak or non existent correlations are
found as well. It is worth noting that, in contrast to our previous work
(Ferrara et al., 2016), we find no significant differences in the strength
between males and females. Probably, this difference in such results
may be due to the enlargement of the patient database.

5. Limitations

Some limitations of the present study may be evidenced. In parti-
cular, those concerning the experimental procedure used for mechan-
ical testing have been discussed in our previous work (Ferrara et al.,
2016) along with the execution of uniaxial tests at room temperature. In
the following, we summarize more exhaustively the other main lim-
itations of the present study.

First, samples from patients without AsAA disease (control) are not
included in the study, so that we could not fully evaluate the impact of
the AsAA disease on the mechanical properties and the related clinical
relationships with respect to the healthy aortic tissue. Another limita-
tion is the reduced size of patient groups with diabetes mellitus,
smoking history, and Marfan syndrome, which have forbade to detect
any pathological effect on the mechanical properties of the AsAA tissue.
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Again, more reliable predictions could also be obtained by using the
same number of data among the four region/direction groups.
Unfortunately, such data are unpaired ( =n 139AC , =n 107AL , =n 85PC ,

=n 51PL ), basically for the limited size of the posterior region with
respect to the anterior one and for the exclusion of specimens corre-
sponding to unsuccessful tests.

Another issue to consider is that the hypertension is graded by using
only discrete values (yes/no), whereas specifications on systolic/dia-
stolic blood pressure would yield more comprehensive results.
Unfortunately, such detailed data are not available for all considered
patients and, then, disregarded in the present study. The knowledge of
pressure/diameter measurements at systole and diastole would allow to
compute stiffness index at physiological operating condition enabling
more comprehensive results. In fact, we have evidenced that the ma-
terial stiffness (i.e., the highest gradient of the stress-stretch curves) is
not affected by any of the considered clinico-pathological risk factors.

Although we find that some clinico-pathological risk factors favour
significant changes in the mechanical properties of the AsAA tissue, our
mechanical results are not supported by histological measurements.
The histological evaluation of elastin/collagen content would enable
more exhaustive explanations on the influence of clinico-pathological
factors on the link between the tissue micro-structure and the related
mechanical properties.

Although we evidence heterogeneity and anisotropy in the AsAA
tissue, a layer-specific investigation is not explicitly considered. To the
author's knowledge, the work of Sokolis et al. (2012) is the first to
document the execution of uniaxial tests on the three layers (intima,
media, adventitia) of the AsAA tissue, highlighting marked differences in
the related material properties. Information on layer mechanical
properties could be useful for an accurate determination of local stress
distributions in patient-specific geometries.

6. Conclusions

The findings of the present study improve and complement those
reported in our previous work (Ferrara et al., 2016), which mainly
focus on the mechanical characterization of the AsAA tissue and on the
detection of regional/directional differences in the mechanical re-
sponse. The original contribution of the present study is represented by
the integration of mechanical results with clinico-pathological data as
the presence of valve pathology, hypertension, diabetes mellitus,
smoking history, and a prior diagnosis of Marfan syndrome. More re-
liable predictions are enabled by the enlargement (of about 42%) of the
patient database than in our previous work. In summary, we can in-
dicate the following conclusions:

(i) The AsAA tissue is stronger and stiffer, but equally extensible, in
the circumferential direction than longitudinal one, explaining as
dissections occurs with a circumferential tear (Robicsek and
Thubrikar, 1994; Yamagishi et al., 2017).

(ii) The anterior region of AsAA sample (i.e., the zone with lower
curvature) is the weakest and less stiff part of the aneurysm, ex-
plaining as the AsAA bulging usually occurs in such a region
(Iliopoulos et al., 2009b).

(iii) The AsAA tissue becomes weaker and less extensible with ageing
and hypertension, suggesting that such clinical-pathological fac-
tors can accelerate the micro-structural changes due to AsAA for-
mation (Tsamis et al., 2013).

(iv) The ageing and hypertension lead to a change in the position of the
transition point. In particular, the AsAA tissue becomes less com-
pliant at low-stress range with ageing and hypertension, suggesting
a degradation in the elastin content that makes the AsAA tissue
stiffer at the physiological operating condition.

(v) BAV patients are younger than TAV patients, and the AsAA tissue
of BAV patients is stronger and thinner, but equally stiff and ex-
tensible, than the tissue from TAV patients. Although a link

between valve type and changes in AsAA strength is evidenced, we
are not able to provide additional explanation about why BAV
patients are more likely to develop AsAA than TAV ones.

(vi) The AsAA diameter is not correlated with any tissue mechanical
properties and, among clinical data, with the only patient height,
suggesting that diameter may not be the best predictor of aortic
rupture (Pape et al., 2007).

In summary, our results confirm the anisotropy and the hetero-
geneity of the AsAA tissue, and evidence that changes in AsAA me-
chanical properties (including weakening, stiffening, and less ex-
tensibility) are widely influenced by ageing and hypertension. In
particular, ageing remains the most important predictor of aortic dila-
tation, whose effects may be so large to suggest the importance of
considering age-matched groups in future works.
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