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A B S T R A C T   

The arterial wall’s tri-layered macroscopic and layer-specific microscopic structure determine its mechanical 
properties, which vary at different arterial locations. Combining layer-specific mechanical data and tri-layered 
modelling, this study aimed to characterise functional differences between the pig ascending (AA) and lower 
thoracic aorta (LTA). 

AA and LTA segments were obtained for n=9 pigs. For each location, circumferentially and axially oriented 
intact wall and isolated layer strips were tested uniaxially and the layer-specific mechanical response modelled 
using a hyperelastic strain energy function. Then, layer-specific constitutive relations and intact wall mechanical 
data were combined to develop a tri-layered model of an AA and LTA cylindrical vessel, accounting for the layer- 
specific residual stresses. AA and LTA behaviours were then characterised for in vivo pressure ranges while 
stretched axially to in vivo length. 

The media dominated the AA response, bearing>2/3 of the circumferential load both at physiological (100 
mmHg) and hypertensive pressures (160 mmHg). The LTA media bore most of the circumferential load at 
physiological pressure only (57±7% at 100 mmHg), while adventitia and media load bearings were comparable 
at 160 mmHg. Furthermore, increased axial elongation affected the media/adventitia load-bearing only at the 
LTA. 

The pig AA and LTA presented strong functional differences, likely reflecting their different roles in the cir-
culation. The media-dominated compliant and anisotropic AA stores large amounts of elastic energy in response 
to both circumferential and axial deformations, which maximises diastolic recoiling function. This function is 
reduced at the LTA, where the adventitia shields the artery against supra-physiological circumferential and axial 
loads.   

1. Introduction 

The mechanical properties of the arterial wall vary considerably 
along the aorta. It is generally accepted that the wall material stiffness 
increases distally (R. Cox, 1978; Haskett et al., 2010; Learoyd and 
Taylor, 1966; Peña et al., 2017). These changes are likely to reflect 
differences at macro- and micro-structural levels that are in turn related 
to the specific haemodynamic function a segment of the aorta plays and 
possibly arise as a consequence of different blood flow patterns in the 
developmental phase of the arterial tree (Dinardo et al., 2014; Lu et al., 
2001). At a macroscopic level, the arterial wall is organised in three 

concentric layers (intima, media and adventitia) that play different roles 
in arterial function. While the intima per se offers negligible contribution 
to intact wall mechanical load bearing of healthy arteries (Butcher, 
1960; Giudici et al., 2021a), its endothelial cells sense the blood 
flow-induced shear stress, triggering signalling pathways that ultimately 
result in vaso-constriction/dilation (Krüger-Genge et al., 2019). The 
media is responsible for the compliant behaviour (i.e., the mechanical 
response to loads) of arteries at mean physiological pressures, damp-
ening the strong oscillation of blood pressure that results from the 
intermittent cardiac pumping action (Wolinsky and Glagov, 1964). On 
the other hand, the adventitia works as a protective sleeve that prevents 
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rupture at supraphysiological pressure (Burton, 1954; Krasny et al., 
2017). The relative thickness of the three layers varies along the aorta 
and, more generally, the arterial tree (Peña et al., 2015; Sokolis, 2019), 
affecting the layer-specific contribution to the overall wall mechanical 
response. 

At a microscopic level, each layer is characterised by a complex 
structure (Giudici et al., 2021b) where the arrangements and concen-
trations of the wall constituents, mainly collagen and elastin, determine 
its passive mechanical behaviour. Changes in these constituents along 
the aorta have long been known; e.g., the elastin volume fraction is 
preponderant over collagen only in the proximal thoracic aorta and 
decreases quite abruptly below the diaphragm (Apter et al., 1966; R. H. 
Cox, 1978; Fischer and Llaurado, 1966; Harkness et al., 1957). Further, 
ex vivo studies have shown that the knowledge of the relative amount of 
collagen and elastin is not sufficient to predict inter-regional differences 
in wall mechanics (R. H. Cox, 1978). This suggest that regional differ-
ences in the constituent’s microstructural arrangements are equally 
important to relative content in defining the macroscopic behaviour of 
arteries. 

The isolation and tensile testing of individual arterial layers is a 
useful technique that allows investigating how inter-regional differences 
in layers’ microstructure affects their mechanical properties. This 
experimental technique has been used at different locations of the 
arterial tree and in different species, including the human thoracic and 
abdominal aorta (Teng et al., 2015; Weisbecker et al., 2012), carotid 
artery (Sommer et al., 2010), coronaries (Holzapfel et al., 2005) and 
ascending aortic aneurysm (Deveja et al., 2018; Sassani et al., 2015), 
and the pig descending thoracic aorta (Giudici et al., 2021a; Giudici and 
Spronck, 2022; Peña et al., 2015). Further, fitting the experimental data 
using constitutive models whose parameters aim to describe the me-
chanical behaviour of the wall constituents (typically elastin and 
collagen) provides additional quantitative information on region- and 
layer-specific arterial structure-mechanics (Peña et al., 2015; Weis-
becker et al., 2012). 

While assessing the inter-regional differences in layer-specific me-
chanical properties can provide some insight into inter-regional differ-
ences in intact wall behaviour, residual stresses complicate the 
relationship between layer-specific and intact wall mechanics. The ex-
istence of residual stresses was first observed in circumferentially ori-
ented wall strips (Chuong and Fung, 1986; Vaishnav and Vossoughi, 
1983): when a single radial cut is performed on an arterial ring, this 
deforms into an arc shape. This configuration is typically defined via the 
opening angle (OA); traditionally defined as the angle that connects the 
end-points of the arc to the mid-length of the sample (Rachev and 
Greenwald, 2003). Later, experimental studies proved the existence of 
axial residual stresses; axially oriented arterial strips exhibit a curvature 
in the radial-axial plane when left to equilibrate in physiological saline 
solution (Holzapfel and Ogden, 2010). Therefore, all three arterial layers 
can be subjected to precompression or pretension in all three principal 
directions (i.e., circumferential, axial and radial) so that their mechan-
ical responses when part of the wall might differ from the ones they 
exhibit when isolated. 

We recently introduced an experimental/modelling framework that 
allows estimation of layer-specific residual deformations from layer- 
specific and intact wall uniaxial mechanical data (Giudici et al., 
2021a). The definition of a tri-layered constitutive model of a cylindrical 
vessel allows simulating physiological loading conditions, thus 
providing the link between the layer-specific mechanical response and 
the macroscopic behaviour of the wall in vivo. Using the proposed 
methodology, this study aimed to investigate how inter-regional dif-
ferences in layer-specific mechanics determine functional differences 
between aortic locations, specifically defined in this study, the 
ascending aorta (AA) and lower thoracic aorta (LTA). 

2. Methods 

2.1. Experimental protocol 

2.1.1. Sample preparation 
n=17 pig plucks (i.e., the content of the thorax) were purchased from 

a local abattoir (Samples for School, UK). Nine aortae were used for the 
uniaxial mechanical testing, while the remaining eight were used for 
opening angle (OA) experiments. The age of the animal at the time of 
excising the samples was between 6 and 12 months. The aortae were 
carefully isolated from the surrounding tissues using a scalpel and stored 
in a lab freezer at the temperature of − 20 ◦C until the day of the testing. 
On the day of testing, aortae were left to thaw at room temperature 
(~20 ◦C) and at least two circumferentially oriented and two longitu-
dinally oriented ~25 mm long and ~5 mm wide strips were cut from 
two aortic regions: 1) AA, and 2) LTA corresponding to the segment of 
aorta at the level of the intercostal arteries. Loose periadventitial con-
nective tissue and fat were carefully removed using a scalpel to ensure a 
clear identification of the adventitial outer boundary. Then, the unde-
formed width and thickness of each strip were measured three times 
along the length of the sample using a digital micrometer (model 
243–6846, RS Components Ltd., UK). The average of the three mea-
surements was used for further analysis. The actual length of the strip 
was also measured with a digital calliper. 

2.1.2. Determination of the opening angle 
The wall and layer-specific OAs were measured on circumferentially 

oriented strips only. Arterial rings were placed in petri dishes filled with 
saline solution (NaCl 0.9%) kept at a temperature of 37 ◦C. Then, a 
single radial cut was performed to release the ring residual stresses. Cut- 
open rings were let to equilibrate for 30 min in saline solution at 37 ◦C 
(Holzapfel et al., 2002; Sokolis, 2019) and then photographs (Nikon 
5600D equipped with a Sigma 18–200 mm zoom lens) of the samples 
(cross-sectional view) were taken from the top. Finally, OAs, defined as 
the angle formed by connecting the two endpoints of the cut-open 
sample to the midpoint along its length in the circumferential-radial 
plane, were measured using the images processing software ImageJ. 

2.1.3. Mechanical testing 
Each strip was then mounted on a uniaxial tensiometer (MFS Stage 

equipped with 20N load cell, Linkam Scientific Instruments Ltd., UK) 
equipped with serrated grips. To obtain a repeatable force-length rela-
tionship, samples were first subjected to a preconditioning protocol of 
five loading/unloading stretching sweeps between the unloaded state 
and a force corresponding to a Cauchy stress of approximately 250 kPa. 
After preconditioning, the distance between the jaws was finely adjusted 
until the sample laid horizontally (this step required the application of a 
force <0.020 N), then the strips were stretched at a speed of 100 μm/s 
until a Cauchy stress of 250 kPa (defined as force over deformed cross- 
sectional area, see Eq. (9)) was reached. Strips were then separated into 
the three anatomical layers using tweezers as described previously 
(Giudici et al., 2021a). For all samples, the layer separation protocol 
consisted in 1) peeling the adventitia from the intima-media and 2) 
carefully isolating the intima from the media. In case of the unsuccessful 
separation of one layer, this was replaced with one obtained from an 
adjacent strip of aortic tissue. The unloaded thickness and width of the 
isolated layers were measured three times along their length and the 
average was considered for further analysis. Furthermore, the length of 
the isolated layer strip was measured and used to experimentally 
quantify the layer-specific prestretch (Table 1). The testing protocol 
used for isolated layers was identical to that used on the intact wall. 

2.2. Constitutive modelling 

2.2.1. Tri-layered wall model 
We recently introduced a constitutive modelling framework that 
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allows the combination of intact wall and layer-specific uniaxial tensile 
data into a tri-layered model of a cylindrical vessel subjected to physi-
ological loading conditions (Giudici et al., 2021a). The wall is assumed 
be composed of three adequately spaced membranes representing the 
intima, media and adventitia layers. Its composition from isolated layers 
to a pressurised and axially stretched cylindrical vessel requires the 
definition of a deformation gradient Gk for each layer k, where k ∈

{i,m, a} for intima, media and adventitia. Gk maps the deformation of 
the isolated layer, κisolated in cartesian coordinates (X , Y , Z ), into a flat 
tri-layered wall, κcomposite in cartesian coordinates (x , y, z). 

Gk = diag
[

lx

Lk
X

,
Lk

X Lk
Z

lx lz

,
lz

Lk
Z

]

= diag
[

λ̂
k
x ,

1

λ̂
k
x λ̂

k
z

, λ̂
k
z

]

, (1)  

where Lk
X and Lk

Z are the circumferential and axial length of the isolated 

layer k, lx and lz corresponding lengths of the tri-layered flat wall, and ̂λ
k
x 

and ̂λ
k
z define the layer-specific circumferential and axial stretches in the 

composite wall. 
Then, F1 describes the deformation of the flat tri-layered wall into an 

unloaded cylindrical vessel, κunloaded in cylindrical coordinates (Θ, R, Z). 

F1 = diag
[

ΛΘ,
1

ΛΘΛZ
, ΛZ

]

. (2)  

The axial component of F1, ΛZ, is assumed to be independent from the 
radial coordinate, so that the incompressibility assumption leads to the 
following relationship for the circumferential component: 

ΛΘ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4π2R2
internal

l2
x

+
4πy

lx ΛZ

√

, (3)  

where Rinternal is the unloaded luminal radius. 
Finally, F2 maps the deformation from κunloaded to the pressurised and 

axially stretched vessel, κtension− inflation in cylindrical coordinates (θ, r, z). 

F2 = diag
[

λθ,
1

λθλz
, λz

]

, (4)  

As for F1, the axial component of F2 (λz) is assumed to be constant 
throughout the wall thickness, and the circumferential deformation is 
inferred from conservation of volume: 

λθ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(rinternal

R

)2
+

R2 − R2
internal

R2 λz

√

, (5)  

where rinternal is the luminal radius in the deformed configuration. The 
total deformation from isolated layer to κtension− inflation is given by 

Ftotal,k = F2F1Gk = diag
[

λθΛΘ λ̂
k
x ,

1

λθΛΘ λ̂
k
x λzΛZ λ̂

k
z

, λzΛZ λ̂
k
z

]

. (6)  

2.2.2. Layer-specific constitutive modelling 
The mechanical behaviour of the isolated layers was modelled using 

a Holzapfel-Gasser-Ogden two fibre family strain energy function 
(Holzapfel-Gasser-Ogden strain energy function) (Gasser et al., 2006), 
that accounts for the summed contributions of an isotropic matrix and 
two symmetrically oriented families of collagen fibres with dispersion: 

Ψ = μk(I1 − 3) +
∑2

i=1

ck
1

2ck
2

(
eck

2[ρ
kI1+(1− 3ρk)I4,i − 1 ]

2

− 1
)

; (7)  

where μk is the matrix stiffness-like parameter, ck
1 is the fibre stiffness- 

like parameter, ck
2 is the fibre nonlinearity parameter, and ρ ∈

[
0, 1

3
]

quantifies the fibre angular dispersion. I1 and I4,i are the first and fourth 
invariants of the right Cauchy-Green deformation tensor C = FTF, with 
i = {1,2} indicating the two families of fibres with orientation α1,2 = {α,
− α}. Note that, given the phenomenological nature of the Holzapfel- 

Gasser-Ogden strain energy function, the fibre angle α is not meant to 
indicate the exact orientation of fibres in the arterial wall, but rather 
contribute together with ρ towards a quantification of the tissue 
anisotropy. 

Given Eq. (7), the modelled layer stress can be calculated as 

tk = − pI + 2F ∂Ψ
∂C

FT, (8)  

where I is the spatial second order identity tensor, p is a Lagrange 
multiplier enforcing incompressibility and F defines a generic defor-
mation gradient acting on the layer (Carew et al., 1968; Chuong and 
Fung, 1984). 

2.3. Parameter estimation 

The five layer-specific constitutive parameters in Eq. (7) were fitted 

Table 1 
Experimental and modelled layer pre-stretches.  

Ascending aorta  
Intima Media Adventitia 

λ̂
i
x λ̂

i
z 

λ̂
m
x λ̂

m
z λ̂

a
x λ̂

a
z 

Experimental 0.97 ± 0.01 1.00 ± 0.02 1.00 ± 0.01 1.05 ± 0.02 0.97 ± 0.01 0.98 ± 0.03 
Modelled 0.96 ± 0.02 1.01 ± 0.05 1.03 ± 0.01 1.03 ± 0.01 1.00 ± 0.01 0.99 ± 0.02  

Λi
Θ Λi

Z Λm
Θ Λm

Z Λa
Θ Λa

Z 

Modelled 0.89 ± 0.02 0.98 ± 0.01 0.98 ± 0.01 0.98 ± 0.01 1.09 ± 0.01 0.98 ± 0.01 

Lower thoracic aorta  
Intima Media Adventitia 

λ̂
i
x λ̂

i
z 

λ̂
m
x λ̂

m
z λ̂

a
x λ̂

a
z 

Experimental 1.02 ± 0.01 0.99 ± 0.02 1.00 ± 0.01 0.97 ± 0.01 0.93 ± 0.01 1.03 ± 0.03 
Modelled 1.03 ± 0.03 1.01 ± 0.03 1.02 ± 0.01 0.97 ± 0.03 0.91 ± 0.03 1.05 ± 0.05  

Λi
Θ Λi

Z Λm
Θ Λm

Z Λa
Θ Λa

Z 

Modelled 0.90 ± 0.02 1.02 ± 0.01 0.98 ± 0.01 1.02 ± 0.01 1.08 ± 0.01 1.02 ± 0.01 

λ̂
k
i denotes the components of the layer-specific deformation gradient Gk mapping an infinitesimal line element in κisolated to κcomposite. Λk

i indicates the components of the 
deformation gradient F1 mapping the deformation from κcomposite to κtension− inflation. Note, the x -direction and z-direction in the flattened sample correspond with the 
circumferential and axial directions in the intact vessel, respectively. Data are presented as mean ± standard deviation.  
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to the layer-specific mechanical data, minimising the error between the 
modelled and experimental Cauchy stresses in the circumferential and 
axial direction simultaneously as described before (Giudici et al., 
2021a). The experimental Cauchy stress was calculated from the 
force-displacement mechanical data as 

tii,exp =
F

w0h0

L

L 0
(9)  

where F is the applied force, w0 and h0 are the undeformed sample width 
and thickness, respectively, and L and L 0 are the loaded and unloaded 
sample inter-jaw distances, respectively. 

The circumferential and axial components of the layer-specific Gk 

were estimated so that the behaviour of the tri-layered composite wall 
(κcomposite) would match the experimentally determined response of the 
intact wall to uniaxial tensile test in both circumferential and axial di-
rections simultaneously (Giudici et al., 2021a). The wall average Cauchy 
stress was calculated as 

twall
ii =

hiti
ii + hmtm

ii + hata
ii

hwall , (10)  

where hk is the deformed thickness of the layer k determined enforcing 
incompressibility, with k = {i,m,a}, and hwall = hi + hm + ha. The layer- 
specific Cauchy stress in direction i = {x , y} (tkii) can be calculated using 

Eq. (8). The fitting of the layer-specific λ̂
k
i was constrained to mean ± 3 

standard deviations of values determined experimentally on the set of 

n=8 pig aortas used for the OA experiments. Once the best-fit λ̂
k
i had 

been determined, the response of the tri-layered wall to circumferential 
and axial uniaxial test was analysed. The contribution provided by each 
layer to the total wall stress at any given stress/stretch level was 
calculated as 

Load bearing % =
tk
θθhk

twall
θθ hwall • 100% (11) 

The unloaded cylindrical vessel is expected to be subjected to zero 
average stress in all three principal directions. Therefore, the geomet-
rical features of κunloaded were determined so that twall

ΘΘ = 0, twall
RR = 0, and 

twall
ZZ = 0. Note that layer-specific stresses in κunloaded are, generally, non- 

zero. 
Since aortas were not harvested directly from euthanised animals, 

the in vivo axial length of the tested aortas was unknown. Therefore, the 
simulation of the physiological tension-inflation required, first, the 
estimation of the in vivo λz. Experimental studies have shown that the 
latter is close to that value of axial stretch that guarantees an approxi-
mately constant reduced axial force, Fz = π twall

zz (r2
external − r2

internal) −

πr2
internal P, in the physiological range of pressures (Van Loon et al., 

1977). However, in a recent study, Ferruzzi et al. (2018) found that this 
method performs sub-optimally at the AA which is subjected to a more 
complex cyclic biaxial deformation. In their study, this method led to a 
~36% overestimation of the true λz. For this reason and to investigate 
inter-regional differences in the response to axial deformations, here, λz 
was, first, estimated as the average cross-over point between Fz- axial 
stretch relationships at P = 60, 100, and 140 mmHg (λ0

z ). Then, for each 
artery, pressurisation in the range 0–200 mmHg was simulated while 
imposing three levels of axial stretch: λ0

z , λ− 36%
z and λ+36%

z , where 
λ− 36%

z = (1 − 0.36)λ0
z and λ+36%

z = (1+0.36)λ0
z correspond a 36% reduc-

tion and increase of the axial stretch, respectively. The artery pressur-
isation was simulated by imposing a luminal deformation and 
calculating the pressure via the Laplace equation 

P = tθθ
hwall

rinternal
. (12)  

Biomechanical metrics were estimated at reference pressure levels of 

Pref = 100 and 160 mmHg, corresponding to the mean physiological 
resting pressure under normotensive conditions and to the a represen-
tative systolic pressure in hypertensive conditions, respectively. The 
intact wall and layer-specific stresses were determined using Eq. (10) 
and Eq. (8), respectively. The contribution provided by each layer to the 
total wall stress was calculated using Eq. (11). 

Two metrics of circumferential material stiffness were computed: the 
tangential elastic modulus 

K θθθθ =
∂tθθ

∂εθθ

⃒
⃒
⃒
⃒

P=Pref

, (13)  

where εθθ = λθ − 1, and the small-on-large stiffness (Baek et al., 2007) 

C θθθθ = 2(tθθ + p) + 4λ4
θ

∂2Ψ
∂
(
λ2

θ

)2 . (14)  

From these, the corresponding structural stiffnesses were calculated as 
the product between the layer/wall stiffness and its loaded thickness. 
The elastic energy stored by the aortic wall in a cardiac cycle was esti-
mated as 

ΔΨwall = Ψwall⃒⃒
P=SBP − Ψwall⃒⃒

P=DBP, (15)  

where Ψwall was calculated using Eq. (7) as 

Ψwall =
hiΨi + hmΨm + haΨa

hwall , (16)  

and systolic and diastolic blood pressure (SBP and DBP, respectively) 
were set to 120/80 and 160/100 mmHg for the normotensive and hy-
pertensive scenarios, respectively. 

2.4. Statistical analysis 

On each aorta and at both locations, uniaxial tensile tests were run in 
duplicate on two circumferential and two axial strips. Constitutive 
modelling was then performed on two circumferential-axial pairs of 
samples as described previously (Giudici et al., 2021a). All presented 
biomechanical variables of each artery are the average of the two 
analyses. 

Results are presented as mean ± standard deviation of the n=9 tested 
AAs and LTAs. Inter-layer comparisons were then performed using, first, 
a repeated measures ANOVA, followed by the pairwise comparisons 
between layers using paired student’s t-tests. For each biomechanical 
variable of the intact wall and isolated layers, inter-regional differences 
were tested using student’s t-tests. p < 0.05 was taken as statistically 
significant. 

3. Results 

3.1. Geometrical features and residual deformations 

As expected, the AA was larger in diameter (mid-wall radius: 
10.28±1.08 vs 7.86±0.48 mm, p<0.001) and thicker (2.55±0.24 vs 
1.64±0.23 mm, p<0.001) than the LTA. Regional changes in wall 
thickness were mostly attributable to the decrease of the medial thick-
ness from 1.66±0.29 to 0.84±0.21 mm (p<0.001), corresponding to 
64±4% and 49±6% of the wall thickness, respectively. Intimal thickness 
also decreased slightly from 0.29±0.02 to 0.26±0.04 mm (p=0.021), 
but not adventitial thickness, which remained unchanged (0.62±0.04 vs 
0.60±0.07 mm). However, its relative thicknesses, as well as that of the 
intima, increased from 25±3% and 12±2%, respectively, at the AA to 
36±5% and 15±2% (p<0.001 for both). 

When cut radially, the AA wall lost, almost entirely, its arc shape, 
exhibiting an OA of 140.7±22.1◦. Distal LTA samples were characterised 
by lower residual stresses, presenting a significantly lower OA of 
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51.6±13.9◦ (p<0.001). 

3.2. Layer-specific response to uniaxial testing 

Individual layer stress-stretch relationships of the AA and LTA are 
shown in Figs. 1 and 2, respectively. Layer and region-specific strain 
energy function parameters are reported in Tables 2 and 3. While all 
tissues exhibited a pronounced nonlinear behaviour, nonlinearity was 
particularly evident for the adventitia. Indeed, the adventitial fibre 
nonlinearity parameter ca

2 was, on average, >2 and ~4 times higher than 
those of intima and media at the AA (intima-adventitia p=0.034 and 
media-adventitia p=0.007) and LTA (p<0.001), respectively. 

The degree of anisotropy was layer- and region-dependent. The 
intimal response changed from nearly isotropic at the AA (α = 46.9±
6.7◦) to markedly anisotropic at the LTA (α = 35.0± 6.7◦) (p=0.002). 
The adventitia followed an opposite trend, moving from α = 28.9± 6.2◦

at the AA to 42.6±3.5◦ at the LTA (p<0.001), while the media showed 
marked anisotropy independently of the aortic location (α = 35.2± 4.7◦

and 32.0±4.2◦, respectively). Regional differences in μ were non- 
significant for all layers, but the adventitia had the lowest μ at both 
AA (p<0.001) and LTA (p<0.01). Conversely, the fibre stiffness-like and 
nonlinearity parameters c1 and c2 were higher at the LTA than at the AA 
for all layers but c1 of the adventitia, signifying distal stiffening. 

3.3. Intact wall response to uniaxial testing 

Intact wall stress-stretch relationships of the AA and LTA are shown 
in Figs. 1 and 2, respectively. The proposed tri-layered model success-
fully captured the complex nonlinear anisotropic behaviour of both AA 
(R2 = 0.98±0.01) and LTA (R2 = 0.98±0.02) (Fig. 3). The layer-specific 
circumferential and axial components of Gk, mapping the deformation 
from κisolated to κcomposite, are reported in Table 1. The AA showed clear 
anisotropy, being stiffer in the circumferential than axial direction 
throughout the investigated stress range. Tri-layered modelling indi-
cated that, independently of the considered stress level and of the 
loading direction, the AA behaviour was largely determined by the 
media, bearing, on average, more than 70% of the load in both loading 
directions (Fig. 3A and B). Indeed, once accounted for the medial 1.03 
tensile prestretch in both circumferential and axial directions, the 
average curves of the media in Fig. 1 closely resemble those of the intact 
wall. 

On the other hand, the LTA intact wall exhibited a more complex 

response; for stress levels below ~0.10 MPa, the LTA wall was stiffer 
circumferentially than axially. However, its average behaviour became 
increasingly isotropic at higher stresses, with some aortas being even 
stiffer axially than circumferentially (Fig. 2). Indeed, tri-layered 
modelling highlighted notably different contributions from media and 
adventitia in circumferential and axial tests. As for the AA, the LTA wall 
response to circumferential uniaxial loads was dominated by the media, 
bearing, on average, 74–76% of the load throughout the investigated 
range. Furthermore, the second highest contribution was provided by 
the intima (17–22%), while the adventitia bore only 1–7% of the load 
due to the highly compressive value of λ̂

a
x (0.92±0.03) (Table 1). 

Conversely, the axial response of the pig LTA was dominated by the 
adventitia, bearing more than half of the load for stresses above 0.06 
MPa. This fact was determined by two factors: first, the estimated 
orientation of fibres in the intima and media leaned towards the 
circumferential direction (αi and αm of the mean intimal and medial 
Cauchy stress-stretch relationships were 36.6◦ and 29.5◦, respectively, 
Table 3) thus offering little contribution in response to axial loads. 
Second, our tri-layered modelling approach estimated that the adven-
titia was subjected to a 1.05±0.04 tensile axial prestretch in κcomposite, 
close to the 1.03±0.03 measured experimentally (Table 1), suggesting 
an enhanced response of adventitial collagen fibres to axial de-
formations applied to the composite tri-layered wall. 

3.4. Simulated tension-inflation at λ0
z 

Fig. 4 shows average simulated pressure-diameter relationships of 
the pig AAs and LTAs at λ0

z . Both relationships showed the typical 
sigmoidal shape of hyperelastic materials, however this was more 
accentuated at the AA. The estimated in vivo λ0

z of the AA, 1.25±0.05, 
was significantly higher than that of the LTA (1.07±0.04, p<0.001), as 
was the circumferential luminal stretch at 160 mmHg (1.40±0.06 vs 
1.30±0.04, respectively, p<0.001) but not that at 100 mmHg 
(1.25±0.05 vs 1.23±0.03, p=0.30). 

Figs. 5 and 6 present biomechanical metrics of the tension-inflation 
simulations at λ0

z of the AA and LTA, respectively. At 100 mmHg, 
average circumferential and axial stresses were 0.088±0.016 and 
0.083±0.014 MPa at the AA, higher than those at the LTA: 0.073±0.008 
(p=0.022) and 0.045±0.010 MPa (p<0.001). At both locations, the 
highest circumferential stress was experienced, on average, by the 
media, although inter-layer differences were significant only at the LTA 

Fig. 1. Intact wall and isolated layers circumferential 
(C) and axial (A) experimental stress-stretch re-
lationships of the ascending aorta of the n=9 pigs 
used in this study. Each relationship represents the 
average of two adjacent strips of the same aorta; 
average curves were determined as the average re-
lationships of all n=9 pigs. For a given stretch ratio, 
averaging was performed in the stress direction. The 
difference between C and A curves progressively in-
creases from intima to media to adventitia.   
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(Figs. 5A and 6A). As a result, at both locations, the media bore most of 
the circumferential load (71±8% at the AA and 57± 7% at the LTA), 
almost 3 times and 2 times as much as the adventitia at the AA (25± 8%) 
and LTA (34±8%), respectively (Fig. 7). The intimal contribution was 
marginal throughout the thoracic aorta (4±3% and 9± 3%, respec-
tively). As expected, the LTA was significantly stiffer than the AA 
(p<0.001); the AA wall K θθθθ and C θθθθ at 100 mmHg were respectively 
smaller than those at LTA (0.52±0.08 and 0.62±0.10 vs 0.79± 0.16 and 
0.93±0.17 MPa). Layer-specific K θθθθ and C θθθθ did not differ signifi-
cantly between media and adventitia at AA, while the LTA adventitia 
was almost two-fold stiffer than the corresponding media layer (p<0.05 
for both metrics). The stored elastic energy in the 120/80 mmHg pres-
sure interval substantially decreased while moving distally along the 
aorta; medial and adventitial ΔΨ dropped by 54% and 63% (p<0.001 for 
both), while changes where not significant for the intima. At both lo-
cations, the media presented the highest ΔΨ (p<0.01), accounting for 
71±7% and 59±7% of the total stored energy at the AA and LTA, 
respectively. 

The wall response to the 60 mmHg pressure increase from 100 to 
160 mmHg differed between AA and LTA. At the AA, the medial 
circumferential stress remained, on average, slightly higher, although 
not significantly, than that of the adventitia. As a result, the AA load 
partition among layers was only mildly affected, with the medial and 
adventitial load bearing dropping and rising by only 2± 1%, respec-
tively. Therefore, the 113% increase in wall C θθθθ reflected relatively 
comparable stiffening of media (99%) and adventitia (164%). Further-
more, shifting to the 160/100 mmHg hypertensive pressure range pro-
duced comparable changes of ΔΨ in the three layers, so that only a <2% 
shift in stored energy was observed from the media to the adventitia. 
Conversely, at the LTA, increasing pressure to 160 mmHg led to a nearly 
equal partition of circumferential loads between media (49± 8%) and 
adventitia (43±9%) (Fig. 7). The 120% increase in C θθθθ was mostly 
driven by a three-fold increase of the adventitial stiffness, while medial 

and intimal C θθθθ increased by ~40–50% only. Interestingly, however, 
observed changes in circumferential load partition were not reflected by 
stored elastic energy, with the media still accounting for 56% of the total 
stored energy in the hypertensive range. 

3.5. Simulated tension-inflation: effect of the axial stretch 

λ− 36%
z and λ+36%

z were 1.16±0.03 and 1.34±0.06 at the AA and 
1.04±0.03 and 1.09±0.06 at the LTA, respectively. Supplementary 
Figs. S1 and S2 present the comparison between biomechanical metrics 
at the two levels of axial stretch for the AA and LTA, respectively. Note 
that these were calculated at the same level of luminal pressure: 100 
mmHg for all metrics but the elastic energy that was calculated over the 
pressure interval 120/80 mmHg. As expected, the increase in axial 
stretch was associated with an 87±8% and 38±20% increase in the axial 
stress at the AA and LTA, respectively. However, while at the AA this 
change was maximal at the intima (~156%) and comparable at the 
media and adventitia (~80%), at the LTA, the axial stress increased 
relatively uniformly in the three layers: adventitia (45%), intima (43%) 
and media (31%). Interestingly, at both locations, the wall circumfer-
ential stress was unaffected by changes in λz. However, if at the AA layer- 
specific differences were significant only at the intima (26±34%, 
p<0.001), at the LTA, an 18±20% increase in adventitial circumferen-
tial stress (p=0.004) was accompanied by a 7±4% drop of that of the 
media (p=0.012). As a result, changes in layer-specific load bearing 
were negligible at the AA (intima: 4±3% → 5±3%, p = 0.001, adven-
titia: 25±8% → 24±8%, p=0.089, media unchanged) but not at the LTA 
where a ~25% increase in adventitial stiffness drove a ~5% shift in load 
bearing from the media (59±8% → 55±6%, p=0.003) to the outermost 
layer (32±9% → 37±6%, p=0.005; Fig. S3). Furthermore, at the AA, an 
increased axial stretch produced an increased ΔΨ across all layers and 
the wall normalised stored elastic energy rose by 12±2% (p<0.001). 
Conversely, no significant difference was observed in LTA wall’s 

Fig. 2. Intact wall and isolated layers circumferential (C) and axial (A) experimental stress-stretch relationships of the lower thoracic aorta of the n=9 pigs used in 
this study. Each relationship represents the average between those of two adjacent strips taken from the same aorta. The average curves were determined as the 
average between relationships of all n=9 pigs. Averaging was performed between stresses at any given stretch ratio. 
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normalised stored elastic energy, although, as for the circumferential 
load, there was a significant 5% shift in stored energy between the media 
and adventitia. 

4. Discussion 

The mechanical properties of the arterial wall are determined by the 
micro and macrostructure of its three anatomical layers: the intima, the 
media, and the adventitia. At a microscopic level, the concentration and 
structural arrangements of constituents (mainly collagen, elastin and 
SMCs) determine their material properties. At a macroscopic level, the 
layers’ relative thickness affects their structural stiffness and to what 
degree their mechanical behaviour contributes to that of wall. In the 
present study, using a recently introduced analytical technique that 
combines layer-specific uniaxial testing and tri-layered constitutive 
modelling (Giudici et al., 2021a), we aimed to characterise differences 
in the mechanical behaviour between different regions of the pig aorta, 
namely the ascending (AA) and the lower thoracic aorta (LTA). To the 
extent of our knowledge, this is the first study to apply the layer-specific 
testing and constitutive modelling to the healthy AA. 

As expected, we found significant aortic tapering; taking the AA as a 
reference, the reduction in diameter at LTA was 33%, in agreement with 
changes reported previously (Han and Fung, 1991; Peña et al., 2015). In 
line with previous findings for the pig thoracic aorta (Peña et al., 2015; 
Sokolis, 2019), the decrease in wall thickness along the aorta followed 
changes in the thickness of the media, with the adventitial absolute, but 
not relative, thickness remaining unchanged throughout the thoracic 
aorta and a small decrease in intimal thickness. It is worth noting that 

the thicknesses found here for the isolated adventitia are higher than 
those measured from histological images of the wall cross-section 
(Sokolis, 2007). In our study, we did not perform any cross-sectional 
staining of the tested samples to verify the accuracy of the layer sepa-
ration. While layer separation process is relatively simple, well estab-
lished in the literature and the layer relative thicknesses are in line with 
those found in previous studies (Peña et al., 2015; Sokolis, 2019; 
Weisbecker et al., 2012), some suboptimal separation may have 
occurred. In our tri-layered modelling work, we note that the intima 
contributed minimally to the overall arterial wall mechanics at both 
locations. This finding is in agreement with well-established views on 
arterial mechanics (Butcher, 1960), thus, supporting our results despite 
possible small inaccuracies in the separation of the intima and media. 
However, histological images would have been helpful to judge the 
separation of the adventitia from the media since both layers contribute 
significantly to the wall mechanics. Nonetheless, the separated media 
and adventitia exhibited clearly different mechanical responses to loads. 
Especially at the LTA, our tri-layered modelling approach attributed a 
high-load-shielding role to the adventitia, which agrees with previous 
studies (Burton, 1954; Krasny et al., 2017). Hence, potential suboptimal 
layer separations likely did not significantly affect the validity of our 
findings or conclusions. 

In agreement with previous studies (Peña et al., 2015; Sommer and 
Holzapfel, 2012; Weisbecker et al., 2013), we found considerable dif-
ferences in the mechanical behaviour of the three layers, as well as 
differences in the response of each layer at different locations of the 
aorta. Consistently with previous empirical observations of highly 
collagenous tissues (Fonck et al., 2007; Gundiah et al., 2013), the 

Table 2 
Layer-specific Holzapfel-Gasser-Ogden model parameters of the pig ascending aortas included in this study.  

Ascending aorta 

Sample # μ [kPa] c1 [kPa] c2 [-] α [◦] ρ [-] R2 

Intima I 27.0 60.8 2.6 51.2 0.18 0.99 
II 34.7 78.6 4.7 49.7 0.28 1.00 
III 26.8 88.2 1.8 54.0 0.29 1.00 
IV 22.1 49.2 6.1 32.5 0.29 1.00 
V 16.4 144.4 1.9 44.9 0.30 0.99 
VI 28.1 127.7 0.0 50.3 0.24 1.00 
VII 25.8 95.5 0.0 54.4 0.22 1.00 
VIII 37.5 136.2 0.9 45.4 0.27 1.00 
IX 31.7 96.3 1.0 39.9 0.28 1.00 
Mean±SD 27.8±6.0 97.4±31.2 2.1±2.0 46.9±6.7 0.26±0.04 1.00±0.00 
Av. curve 28.2 106.4 2.1 49.7 0.28  

Media I 27.0 145.4 1.2 35.1 0.24 1.00 
II 25.5 120.7 2.4 41.7 0.25 1.00 
III 23.0 107.8 0.9 45.0 0.27 1.00 
IV 14.9 85.2 2.2 30.5 0.25 1.00 
V 25.0 143.4 4.6 35.0 0.22 1.00 
VI 22.1 111.5 5.0 32.1 0.25 1.00 
VII 13.4 87.8 2.6 31.3 0.24 1.00 
VIII 24.7 129.3 2.6 33.9 0.24 1.00 
IX 21.0 93.2 0.8 32.1 0.24 1.00 
Mean±SD 21.9±4.5 113.8±21.4 2.5±1.4 35.2±4.7 0.24±0.01 1.00±0.00 
Av. curve 22.8 124.7 3.3 30.8 0.27  

Adventitia I 12.0 44.7 9.6 26.5 0.28 1.00 
II 14.9 79.4 4.0 26.7 0.25 1.00 
III 18.3 100.0 1.8 43.9 0.26 0.99 
IV 8.1 43.7 4.5 22.6 0.25 0.99 
V 13.2 72.0 10.2 23.9 0.26 1.00 
VI 10.0 103.4 8.8 28.9 0.24 1.00 
VII 9.4 56.8 8.1 24.4 0.28 1.00 
VIII 11.3 127.6 2.2 29.6 0.23 0.99 
IX 8.9 109.7 2.8 33.8 0.23 0.99 
Mean±SD 11.8±3.1 81.9±28.4 5.8± 3.2 28.9±6.2 0.25±0.02 0.99±0.00  
Av. curve 12.9 84.2 6.9 24.1 0.27  

Mean±SD (standard deviation) denotes the statistical mean and standard deviation of the parameter values of all ten samples. Av. (average) curve denotes the (single) 
parameter value fitted to the average mechanical response (i.e., the thick black lines in Fig. 1). The average response was determined by averaging the modelled 
behaviour of samples I-X in both circumferential and axial directions up to a Cauchy stress of 250 kPa. 
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Table 3 
Layer-specific Holzapfel-Gasser-Ogden model parameters of the pig lower thoracic aortas included in this study.  

Lower thoracic aorta 

Sample # μ [kPa] c1 [kPa] c2 [-] α [◦] ρ [-] R2 

Intima I 24.05 100.5 22.2 45.8 0.25 0.97 
II 26.61 128.9 14.8 41.7 0.22 0.96 
III 16.88 98.9 2.6 38.3 0.22 0.98 
IV 14.49 101.2 13.7 41.5 0.24 0.98 
V 26.18 114.9 29.1 32.2 0.22 1.00 
VI 20.05 174.8 5.8 27.6 0.24 1.00 
VII 20.83 153.2 4.9 30.9 0.21 1.00 
VIII 19.84 197.4 9.8 26.6 0.24 1.00 
IX 20.91 125.3 11.0 30.4 0.23 1.00 
Mean±SD 21.1±3.8 132.8±33.2 12.7±8.1 35.0±6.7 0.23±0.01 0.99±0.01 
Av. curve 19.9 140.2 16.7 36.6 0.22  

Media I 24.5 206.1 3.4 38.4 0.22 1.00 
II 25.7 190.9 1.9 38.2 0.20 1.00 
III 18.5 139.7 1.8 35.1 0.23 1.00 
IV 17.5 123.7 6.6 26.5 0.27 1.00 
V 44.0 146.8 33.9 32.8 0.21 1.00 
VI 27.2 135.2 9.0 27.4 0.23 1.00 
VII 25.4 184.3 4.7 31.0 0.20 1.00 
VIII 36.1 162.2 9.1 28.3 0.20 1.00 
IX 36.0 108.0 18.2 30.1 0.22 1.00 
Mean±SD 28.3±8.3 155.2±31.1 9.8±9.7 32.0±4.2 0.22±0.02 1.00±0.00 
Av. curve 30.34 147.9 16.5 29.5 0.24  

Adventitia I 7.8 262.9 45.9 42.7 0.24 0.91 
II 19.8 140.0 46.3 49.5 0.25 0.98 
III 23.4 37.8 46.3 44.0 0.26 1.00 
IV 6.8 40.1 84.3 46.6 0.20 0.99 
V 12.2 202.3 82.9 42.7 0.14 0.93 
VI 14.1 35.2 60.6 37.6 0.23 1.00 
VII 5.3 54.0 96.8 40.4 0.18 0.99 
VIII 12.5 15.9 80.5 39.0 0.22 1.00 
IX 9.6 25.1 103.7 40.4 0.20 0.98 
Mean±SD 12.4±5.7 90.4±84.5 71.9±21.3 42.6±3.5 0.21±0.03 0.99±0.00  
Av. curve 13.1 57.3 91.9 42.6 0.19  

Mean±SD (standard deviation) denotes the statistical mean and standard deviation of the parameter values of all ten samples. Av. (average) curve denotes the (single) 
parameter value fitted to the average mechanical response (i.e., the thick black lines in Fig. 2). The average response was determined by averaging the modelled 
behaviour of samples I-X in both circumferential and axial directions up to a Cauchy stress of 250 kPa. 

Fig. 3. Analysis of the response of the pig ascending 
aorta and lower thoracic aorta wall during simulated 
uniaxial testing using tri-layered modelling. Graphs 
show average stress-stretch relationship with load 
partitioning between layers of the n=9 pigs tested in 
this study. Panel A and B show the response of 
ascending aorta to uniaxial test in the circumferential 
and axial direction, respectively. Panel C and D show 
the response of lower thoracic aorta to uniaxial test in 
the circumferential and axial direction, respectively. 
Note that stretches on the x-axes refer to the intact 
wall stretch and do not account for the layer specific 
components of Gk (Table 1).   
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adventitia was the layer exhibiting the most nonlinear behaviour, being 
highly compliant at low stretches and gradually stiffening at higher 
deformations. Interestingly, the degree of anisotropy (quantified here by 
the modelled collagen fibre orientation angle, Tables 2 and 3) of both 
intima and adventitia showed strong region-dependence; the intimal 
response was nearly isotropic at the AA but considerably stiffer cir-
cumferentially than axially in the distal thoracic aorta (Fig. 1). While, 
this shift in fibre orientation is in agreement with previous findings 
(Peña et al., 2015), its functional reason remains unclear. The adven-
titia, on the other hand, followed an opposite trend, exhibiting a highly 
anisotropic behaviour at the AA and a nearly isotropic behaviour in the 
descending thoracic aorta, both at the level of the LTA investigated in 
the present study and at the upper descending thoracic aorta (UTA) 
studied in our previous work (Giudici et al., 2021a). This finding is in 
disagreement with those reported by Peña et al. (2015) that found the 
adventitia behaved markedly anisotropically throughout the descending 
thoracic aorta. A possible explanation could be the different age of the 
animals used in their experiment: 3.5 years vs. 6–12 months in our 
study. This was also apparent in the ~45% larger diameter found by us 
compared to Peña et al. (2015) (Wolinsky and Glagov, 1969). These 
discordant findings might therefore be related to the maturation of the 
aorta into adulthood. Indeed, results in humans do suggest reorientation 
of fibres towards the axial direction with age (Haskett et al., 2010; Jadidi 
et al., 2020; Weisbecker et al., 2012). In agreement with previous 
studies, the anisotropy of the media in our experiments was not 
dependent on the aortic region (Peña et al., 2015; Weisbecker et al., 
2012). 

In this study, tri-layered constitutive modelling was used to investi-
gate how observed regional differences in layer-specific mechanical 
behaviour affect the macroscopic response of the aortic wall. The exis-
tence of layer-specific residual stresses is known (Greenwald et al., 1997; 
Holzapfel et al., 2007; Peña et al., 2015), and their estimation represents 
the crucial link between the isolated layers’ mechanical behaviour and 
that of the tri-layered wall (Giudici and Spronck, 2022). The most 
common approach to modelling of residual deformation consists of 
directly quantifying shape changes that strips of individual layers un-
dergo when isolated from the wall (Díaz et al., 2021; Holzapfel et al., 
2007). These include estimation of the layer-specific OA, curvature in 
the axial-radial plane, and changes of their circumferential and axial 
lengths. On the contrary, the experimental/modelling framework pro-
posed here adopts a more pragmatic approach where layer-specific re-
sidual deformations are estimated directly from the intact wall and 

layer-specific mechanical data (Giudici and Spronck, 2022). The pro-
posed approach successfully captured the complex anisotropic response 
to uniaxial tensile testing of both AA and LTA (Fig. 3). In our model, the 
multiplicative combination Fresidual = F1Gk represents the pre-
deformation state each layer is subjected to in the unloaded vessel 
(Table 1). It is worth noting that at the AA the circumferential compo-
nent of Fresidual followed a clear gradient across the wall thickness; 

strongly compressive at the intima (Λi
Θ λ̂

i
θ = 0.85), slightly tensile at the 

media (Λm
Θ λ̂

m
θ = 1.01) and strongly tensile at the adventitia (Λa

Θ λ̂
a
θ =

1.10). On the contrary, at the LTA, only the intima was subjected to a 

considerable residual compression (Λi
Θ λ̂

i
θ = 0.92), while residual de-

formations at the media and adventitia were negligible. This finding is 
consistent with the much higher OA found at the AA compared to the 
LTA, in agreement with previous studies (Han and Fung, 1991; Saini 
et al., 1995). This inter-regional difference in residual stresses likely 
reflects the higher circumferential deformations the AA undergoes in 
vivo (Haskett et al., 2010; Wittek et al., 2016). 

As hypothesised, inter-regional differences in layer-specific me-
chanical properties affected the mechanical behaviour of the pig aorta 
that differed considerably between AA and LTA. Reflecting inter- 
regional differences in layer-specific stiffness-like and exponential pa-
rameters, the LTA was considerably stiffer than the LTA. This result is 
consistent with previous findings on the human (Haskett et al., 2010) 
but not pig aorta (Peña et al., 2017), although, as indicated earlier, age 
differences might explain the difference in results. As previously shown 
for the UTA (Giudici et al., 2021a), increasing pressure from the phys-
iological to the hypertensive range generated a shift in load bearing from 
the media to the adventitia. However, this shift was not comparable at 
the two locations. At the LTA, the mechanical behaviour of the adven-
titia appeared finely tuned to simultaneously guarantee wall compliance 
at physiological pressures and preserve the wall’s integrity at high 
pressures. Indeed, adventitial circumferential stiffness nearly tripled 
between 100 and 160 mmHg, making the adventitia, on average, the 
most load-bearing layer for pressures above ~170 mmHg. On the con-
trary, this behaviour was not observed at the AA where the media bore 
more than half of the circumferential load throughout the investigated 
0–200 mmHg pressure range. 

AA and LTA differed also in their response to axial stretch. Inter-
estingly, the estimated mechanically convenient λ0

z was much higher at 
the AA than at the LTA. This finding is in disagreement with experi-
mental quantification of the axial stretch along the pig aorta (Han and 
Fung, 1995), suggesting that, as reported by Ferruzzi et al. (2018), the 
constant reduced axial force method (Van Loon et al., 1977) is subop-
timal for the estimation of the in vivo λz at the AA. Ferruzzi et al. (2018) 
hypothesised that this characteristic would allow for λz of the AA to 
increase in response to growing level of activity (from rest to exercise), 
thus improving the ability of the AA to store elastic energy in systole and 
augment blood flow in diastole. To test this hypothesis, we simulated 
tension-inflation experiments at different levels of axial stretch (λ0

z , 
λ− 36%

z , and λ+36%
z ) and used our tri-layered modelling framework to 

underpin the microstructural mechanism behind the observed differ-
ences. Our results seem to confirm this hypothesis; increasing λz allowed 
the AA to store greater elastic energy without affecting its mechanical 
behaviour and circumferential load partition among layers. This func-
tional feature was not observed at the LTA, where increasing λz did not 
affect the wall stored energy but generated a shift in load bearing from 
the compliant media to the much stiffer adventitia. This functional dif-
ference is likely related to the unique anisotropy of the AA adventitia, 
making its circumferential behaviour less affected by axial stretching 
compared to both LTA and UTA (Giudici et al., 2021a). 

4.1. Modelling considerations 

In this work, the arterial wall was modelled as composed of three 

Fig. 4. Average simulated pressure diameter relationship of the n=9 pig 
ascending (AAs) and lower thoracic aortas (LTAs). Circles indicates the working 
points considered in analysis: 1) 100 mmHg, the mean physiological pressure, 
and 2) 160 mmHg, a representative systolic hypertensive pressure. SD, stan-
dard deviation. 
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Fig. 5. Circumferential (A) and axial stress (B), circumferential stiffness (C,E), structural stiffness (D,F), stored elastic energy per unit volume (G) and stored elastic 
energy per unit length (H) in the pig ascending aorta at the reference pressures of 100 and 160 mmHg. wall=intact wall, i=intima, m=media, and a=adventitia. 
Repeated measures ANOVA: *p < 0.05, **p < 0.01 and ***p < 0.001. Inter-layer pairwise comparisons with paired sample student’s t-tests: †p < 0.05, ††p < 0.01, and 
†††p < 0.001 vs. intima, ‡p < 0.05, ‡‡p < 0.01, and ‡‡‡p < 0.001 vs. media. 
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Fig. 6. Circumferential (A) and axial stress (B), circumferential stiffness (C,E), structural stiffness (D,F), stored elastic energy per unit volume (G) and stored elastic 
energy per unit length (H) in the pig lower thoracic aorta at the reference pressures of 100 and 160 mmHg. wall=intact wall, i=intima, m=media, and a=adventitia. 
Repeated measures ANOVA: *p < 0.05, **p < 0.01 and ***p < 0.001. Inter-layer pairwise comparisons with paired sample student’s t-tests: †p < 0.05, ††p < 0.01, and 
†††p < 0.001 vs. intima, ‡p < 0.05, ‡‡p < 0.01, and ‡‡‡p < 0.001 vs. media. 
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adequately spaced membranes as previously described (Giudici et al., 
2021a). This means that, in our model, each layer’s loaded state is 
described by the average stress and deformation across the layer 
thickness, including residual stresses. As such, layer-specific residual 
stresses are also modelled as average values (Giudici and Spronck, 
2022). A more detailed modelling framework which accounts for the 
layer-specific opening angles could improve the estimation of the dis-
tribution of stresses across the layers’ thicknesses (Holzapfel and Ogden, 
2010). However, the focus of this work was to study differences between 
two segments of the aorta in the overall mechanical response to 
pseudo-physiological loads and in the layer-specific relative contribu-
tion to this response, which is achievable with our thin-wall modelling 
approach. 

4.2. Limitations 

In this study, the biaxial behaviour of the isolated layers and intact 
wall was assessed by sequentially performing uniaxial tests in the 
circumferential and axial directions. Although we acknowledge that 
biaxial testing would have allowed to more directly assess the coupling 
between circumferential and axial responses to loads, earlier work has 
demonstrated the usefulness of sequential uniaxial testing for assessing 
the anisotropic mechanical properties of the arterial wall (Peña et al., 
2015; Weisbecker et al., 2012). Furthermore, the deformations in the 
two off-axis directions were not measured throughout the uniaxial tests. 
Conversely, they were estimated during the layer-specific constitutive 
modelling fitting routine by imposing zero stress in all principal di-
rections but that of the applied load and enforcing incompressibility. It 
is, therefore, possible that fitting of biaxial mechanical data could lead 
to different layer-specific and, consequently, different intact wall 
constitutive models. 

The layer-specific experimental prestretches reported in Table 1 are 
based on the ratio between the length of intact wall and isolated layer 
strips before preconditioning. As described in the method, readjusting 
the inter-jaw distance was necessary to account for any small plastic 
deformation occurring in the preconditioning phase. Because pre-
conditioning has likely affected the length of the three layers differently, 
the experimental prestretches reported in Table 1 may slightly differ 
from the actual prestretches layers were subjected to when part of the 
wall. This may explain the small differences found with the corre-
sponding modelled values (Table 1). 

Using a digital micrometer, we measured the arterial wall and iso-
lated layer strips at three locations along their length to estimate their 
average thickness. However, we acknowledge the circumferential vari-
ation in the thickness of the aortic wall (Kim and Baek, 2011) and, 
hence, the difficulty associated with its measurement. Alternative 
methods to assess the thickness-length profile or directly measure the 
average thickness of the strip (e.g., by positioning the strip between two 

glass slides) might have improved the quantification of the wall 
thickness. 

The simulated physiological loads consisted of the inflation of the 
tubular artery held at a constant axial stretch, estimating biomechanics 
variables at both mean physiological pressure (100 mmHg) and repre-
sentative hypertensive systolic pressure (160 mmHg). While this simu-
lation is appropriate for the descending thoracic aorta, it represents a 
simplification of reality for the AA, that is subjected to simultaneous 
cyclic pressurisation, axial stretch and twist in vivo (Wittek et al., 2016). 
Although the reported stored elastic energy over the cardiac cycle 
necessarily underestimates the in vivo value, replication of the 
tension-inflation simulations at different level of axial stretch showed 
that the AA’s circumferential tri-layered mechanics is almost unaffected 
by axial elongation. 

5. Conclusions 

In the present study, we combined layer-specific mechanical testing 
and tri-layered constitutive modelling to provide novel insight into the 
biomechanical and functional differences between the pig ascending 
and lower thoracic aorta. While, as expected, we observed considerable 
distal stiffening of the aorta, our approach highlighted other important 
differences in the mechanical behaviour between aortic regions. First, 
the ascending aorta exhibits a higher degree of anisotropy (especially at 
high deformations) compared to the lower thoracic aorta. This differ-
ence is due to inter-regional differences in mechanical properties of the 
adventitia, which is nearly isotropic in the low thoracic region and 
relatively unresponsive to axial deformations in the ascending region. 
Second, residual stresses are much higher at the ascending than at lower 
thoracic aorta. Together, these differences in biomechanics lead to 
functional differences between regions. At the lower thoracic aorta, the 
adventitia works as a protective layer that preserves structural integrity 
against excessive circumferential and axial loads. Conversely, this 
function is not observed at ascending aorta, where the compliant media 
remains the most load-bearing layer over wide ranges of biaxial de-
formations. Hence, this unique feature may allow the ascending aorta to 
increase elastic energy storage in response to increased physical exertion 
and, consequently, maximise its diastolic function. 
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Fig. 7. Average Cauchy stress-stretch relationships with load partitioning between layers of the n=9 ascending (A) and lower thoracic aortas (B) tested in this study. 
Circumferential stretch at inner radius was computed as λθ = rinternal/Rinternal. The intimal line was obtained using Eq. (14) with tm = 0 and ta = 0, and the media line 
with ta = 0. The adventitial line was obtained using the full version of Eq. (14). 
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Glossary 

κisolated: configuration of the isolated layer in cartesian coordinates (X , Y , Z ) 
κcomposite: configuration of the composite tri-layered wall slab in cartesian coordinates (x , y, 

z) 
κunloaded: configuration of the unloaded tri-layered artery in cylindrical coordinates (Θ, R, Z) 
κtension− inflation: configuration of the loaded tri-layered artery in cylindrical coordinates (θ, r, 

z) 
Gk: deformation gradient from κisolated to κcomposite for the layer k 

λ̂
k
i : component of Gk in direction i = {x , y, z}.

F1: deformation gradient from κcomposite to κunloaded 
Λi : component of F1 in direction i = {Θ, R, Z}.
F2: deformation gradient from κunloaded to κtension− inflation 
λi: component of F2 in direction i = {θ, r, z}.
Rinternal : luminal radius in κunloaded 
rinternal: luminal radius in κtension− inflation 

hwall: wall thickness in κtension− inflation 

hk: thickness of the layer k in κtension− inflation 
Ψ: strain energy density function 
μk: elastin stiffness-like parameter for the layer k 
kk

1: collagen stiffness-like parameter for the layer k 
kk

2: collagen nonlinearity parameter for the layer k 
αk: collagen fibre orientation parameter for the layer k 
ρk: collagen fibre dispersion parameter for the layer k 
t: Cauchy stress tensor 
K θθθθ : circumferential tangential elastic modulus 
C θθθθ : small-on-large circumferential stiffness 
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