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Experimental data and a suitable material model for human aortas
with smooth muscle activation are not available in the literature
despite the need for developing advanced grafts; the present
study closes this gap. Mechanical characterization of human
descending thoracic aortas was performed with and without
vascular smooth muscle (VSM) activation. Specimens were taken
from 13 heart-beating donors. The aortic segments were cooled in
Belzer UW solution during transport and tested within a few
hours after explantation. VSM activation was achieved through
the use of potassium depolarization and noradrenaline as vasoac-
tive agents. In addition to isometric activation experiments, the
quasistatic passive and active stress–strain curves were obtained
for circumferential and longitudinal strips of the aortic material.
This characterization made it possible to create an original mechan-
ical model of the active aortic material that accurately fits the
experimental data. The dynamic mechanical characterization was
executed using cyclic strain at different frequencies of physiologi-
cal interest. An initial prestretch, which corresponded to the physi-
ological conditions, was applied before cyclic loading. Dynamic
tests made it possible to identify the differences in the viscoelastic
behavior of the passive and active tissue. This work illustrates the
importance of VSM activation for the static and dynamic mechani-
cal response of human aortas. Most importantly, this study pro-
vides material data and a material model for the development of a
future generation of active aortic grafts that mimic natural behav-
ior and help regulate blood pressure.

mechanical characterization j microstructural characterization j vascular
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The rupture of aortic aneurysms causes around 10,000 deaths
each year in the United States (1). Surgical repair of aortic

aneurysms and aortic dissections absorb significant healthcare
resources (2). Prosthetic tubes made of polyester (Dacron) or
polytetrafluoroethylene are often used for the surgical repair of
large arteries in aneurysms or acute dissection. Unfortunately,
these grafts are so stiff to diameter expansion (3) that they can
cause cardiovascular and perfusion problems because they fail to
reduce the highly pulsatile nature of the blood flow exiting the
heart. This is the reason for an increasing interest in the develop-
ment of a new generation of grafts (4) in innovative biomaterials
or in tissue engineering that mimic the dynamic behavior of the
aorta, which is achieved through the correct adjustment of
mechanical properties and the introduction of a layered design.
Arteries respond to vasoactive chemical stimuli by varying their
mechanical properties and diameter because of vascular smooth
muscle (VSM) activation; this helps in regulating blood pressure
(5). We envision a future generation of aortic grafts based on tis-
sue engineering that mechanically respond to vasoconstrictors to
maintain this function. To achieve this result, it is first necessary
to investigate the relationship between VSM activation and the

mechanical properties of the aorta and to develop a suitable
model of the active mechanical response for the graft design.
Since the VSM is mainly located in the tunica media (some cells
can infiltrate the intima and adventitia with increasing age), the
activation strain can be attributed to this aortic layer. Experimen-
tal data and a suitable material model for human aortas with
smooth muscle activation are not available in the literature
despite the need for the development of advanced grafts. This
appears to be due to the difficulty of obtaining suitable human
samples. In fact, VSM activation is only possible for a small num-
ber of hours after the explantation from a heart-beating donor
(i.e., donor in intensive care unit with neurological determination
of death) and when the tissue is kept refrigerated in organ pres-
ervation solution all the time before testing. The present study is
important as it provides much-needed experimental data. These
data made it possible to create a precise structure-based model
of the active aortic tissue and to identify the corresponding mate-
rial parameters.

The passive (i.e., without VSM activation) quasistatic mechan-
ical properties of the intact wall of the human aorta and its three
individual layers have been extensively investigated experimen-
tally. In particular, uniaxial extension tests were carried out on
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strips (cut in the circumferential and longitudinal directions)
from the intact wall or separated layers (6–9), and biaxial tests
on squares and cruciform samples of aortic tissue (10, 11) were
conducted. The microstructure of the collagen and elastin fiber
distributions in the three layers was also examined in detail using
second-harmonic generation and two-photon excited fluores-
cence microscopy (9, 10, 12). Along with the progress of experi-
ments, advanced structure-based material models have also been
refined. It was assumed that a ground substance/elastin matrix is
reinforced by collagen fibers. The orientations and dispersions
of the collagen fiber identified from experiments were taken into
account in the more advanced models (13–15). The passive
dynamic material properties (also referred to as viscoelastic)
of the human aortas, on the other hand, are much less studied,
even if they are of great importance since the aorta is dynami-
cally loaded by pulsating pressure under physiological condi-
tions. The experiments were performed on a mock circulatory
loop under physiological pulsatile pressure and flow (3, 16)
and on strips of thoracic descending aortas (8, 17). Viscoelas-
tic models have been developed (18, 19), but they can only
partially describe the experimental results. Experimental data
show that the aorta stiffens with increasing age (8, 9, 11), which
favors hypertension (20).

The active (i.e., with VSM activation), quasistatic mechanical
characterization of arteries has been less studied than its passive
counterpart. The number of studies on human samples is very
limited (21, 22), and none have been found on large arteries.
Vasoactive agents commonly used to induce VSM contraction
are potassium depolarization (KCl) (23), noradrenaline (22),
norepinephrine (21), and phenylephrine (24). By using different
concentrations of agents, different degrees of activation can be
achieved. In previous studies, two methodologies of activation
experiments were carried out: 1) pressurization of arterial seg-
ments (21, 24–29) and 2) extension tests on arterial strips and
rings (5, 22, 30–32). Experiments on strips and rings can be iso-
metric, in which the sample is constantly stretched, and the
increase in force from the passive to the active state is measured
(5); these are the typical experiments that are carried out on a
myograph (22). In isobaric experiments performed on arterial
segments, the pressure and axial stretch are fixed; activation of
the VSM leads to a reduction in diameter (5). Approximation
formulas allow the change in diameter to be linked to the arte-
rial stiffness. Another type of experiment can be performed to
measure the force-displacement curve (then converted to stress/
strain) in the case of VSM activation by following a similar
procedure used for passive mechanical characterization (6–9).
A comparison of the active and passive curves gives the mechan-
ical characteristics of the VSM activation. Excluding refs. 5, 28,
and 30, a literature review shows that activation was only mea-
sured in the circumferential direction. Indeed, the orientation of
VSM cells in arteries has usually been believed to be almost cir-
cumferential; the present study shows that this is not the case with
the descending thoracic aorta in humans. Mechanical models of
the mechanical response of active arteries have been developed
(5, 14, 33–39) but generally only consider activation in the cir-
cumferential direction. There are two exceptions: the model
in ref. 5 introduces independent activation stresses in the cir-
cumferential and axial directions; another study (38) consid-
ers two helically arranged symmetric families of VSM without
fiber dispersion.

In the present study, the active and passive mechanical char-
acterization of human descending thoracic aortas was performed
on specimens from 13 heart-beating donors. The aortic seg-
ments were cooled in Belzer UW solution during transport and
tested within a few hours after explantation. VSM activation was
achieved through the use of KCl and noradrenaline as vasoactive
agents. In addition to isometric activation experiments, the qua-
sistatic passive and active stress–strain curves for circumferential

and longitudinal strips of the aortic material were obtained.
This characterization made it possible to build an original
mechanical model of the active aortic material that exactly
matched the experimental data. The dynamic mechanical
characterization was also performed using cyclic strain at dif-
ferent frequencies of physiological interest. An initial pre-
stretch, which corresponded to the physiological conditions,
was applied before the cyclic loading. Dynamic tests allowed
to identify the differences in the viscoelastic behavior of the
passive and active tissue. The influence of age was also stud-
ied. The present study illustrates the importance of VSM activa-
tion for the static and dynamic mechanical response of human
aortas. Most importantly, it provides material data for the devel-
opment of a future generation of active aortic grafts that mimic
the natural behavior.

Results and Discussion
The results are presented for 13 descending thoracic aortas
from heart-beating donors with 25 to 68 y of age (mean age =
48.6 ± 14.2 y). Information on donors can be found in SI Appendix,
Table S1. Fig. 1 illustrates the experimental procedure of the
mechanical tests. Circumferential and longitudinal strips—about
5 mm wide and 35 mm long—were immersed in Krebs–Henseleit
buffer solution, bubbled with oxygen, and kept at a temperature
of 37 °C. The time diagram in Fig. 1F shows the various phases of
each test on a strip that takes just over 2 1/2 h. First, a passive
quasistatic mechanical characterization is carried out, which
includes preconditioning, followed by a dynamic characteriza-
tion with two fixed levels of prestress. Isometric VSM activa-
tion is then induced at about 50 kPa engineering prestress by
first using potassium depolarization (KCl, 60 mM) followed by
the addition of noradrenaline (18 μM). The combined use of two
vasoactive agents and their concentration enables a VSM con-
traction that comes very close to the maximum possible for the
specimen (22). Under physiological conditions, the VSM activa-
tion is between zero and the maximum, depending on the con-
centration of the vasoactive agents in the blood.

A quasistatic mechanical characterization with precondition-
ing followed by a dynamic characterization at the same two pre-
stress levels is carried out on the tissue with VSM activation.
The measured stresses versus time corresponding to the isomet-
ric activation are presented in Fig. 2A for the strips of donor
VIII in both directions. The time of insertion of each vasoactive
agent is indicated by an arrow. The results for all samples are
shown in SI Appendix, Isometric experiments on activation. A sta-
tistical analysis of the activation stresses for all circumferential
and all longitudinal strips together and divided into two age
groups (25 to 48 y; 55 to 68 y) is presented in Fig. 2 B and C.
While the results show larger activation stresses for the circum-
ferential strips (median of all donors = 22.2 kPa), the activa-
tion stress in the longitudinal direction is also significant
(median of all donors = 14.9 kPa), which is only 33% smaller
than that in the circumferential direction. The activation stress
seems to decrease with age. The median for the circumferen-
tial strips decreases from 25.7 (25 to 48 y) to 21.6 kPa (55 to
68 y); for the longitudinal strips, the median is reduced from
16.8 (25 to 48 y) to 7.8 kPa (55 to 68 y). An ANOVA test indi-
cates a clear statistical difference between the two age groups for
the activation stress of the longitudinal strips (P value = 0.0391),
while for the circumferential strips, likely there is no difference
(P value = 0.7274).

Microstructural Characterization. In order to elucidate the mecha-
nism of activation both in the circumferential and in the longitu-
dinal direction, the distribution of the VSM cell orientations in
the tunica media of donors IVand VIII is examined in Fig. 3.
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Traditional histology with a Masson trichrome stain is shown
first in Fig. 3A for a cross-section (i.e., through the thickness) and
in Fig. 3B for an in-plane section (i.e., parallel to the strip sur-
face). While the VSM cells (red in Masson-stained section)
appear well organized with parallel fibers in the cross-section,
the directional distribution in an in-plane section is quite dis-
persed. In order to quantify the dispersion of the VSM cell ori-
entation, in-plane sections were stained with DRAQ5 (1/1,000,
30 min) in order to make the nuclei in VSM cells visible. The tis-
sue was excited by a laser at 638 nm, and light was captured
above 650 nm with a Leica confocal microscope. The nuclei
appear violet in the image in Fig. 3C, and since they are elon-
gated, their direction distribution is evaluated by an image-
processing code (9), which gives the histogram of the in-plane
dispersion. The histogram in Fig. 3D shows that the VSM is dis-
persed, with a peak in the orientation distribution in the circumfer-
ential direction and a practically symmetric distribution around the
peak. This excludes shear strains through activation in uniaxial ten-
sile tests. Additional results on the microstructural characterization
are presented in SI Appendix, Additional results for microstructural

characterization, which shows a larger dispersion of the VSM dis-
tribution for a different aorta. The microstructural analysis justifies
the observed activation in both directions with a larger force in the
circumferential direction.

Quasistatic Mechanical Characterization. Uniaxial extension tests
were carried out after preconditioning at a low strain rate to
characterize the active and passive static behavior of aortic strips.
Fig. 4A shows the passive and active engineering stress–strain
behavior for the circumferential and longitudinal strips of donor
VIII. While the passive curves start from the origin, both active
ones have an initial positive stress at the original zero strain
because of the VSM contraction. The difference between the
active and passive curves in Fig. 4A at prestretch corresponding
to 50 kPa is a bit larger (23% in circumferential direction and
21% in longitudinal direction) than the total activation stress
given in Fig. 2A due to the preconditioning and the fact that this
is not an isometric test, but the strip is continuously elongated.
This phenomenon is observed also for the other tested aortas,
with very few exceptions. Other features in Fig. 4A are that the

Fig. 1. Specimen preparation and experimental setup. (A) Position of the thoracic aorta in the human body. (B) Descending thoracic aorta from donor IV
with indication of circumferential (blue) and longitudinal (green) strips. (C) Aorta from donor IV opened with a longitudinal cut on the posterior side.
Circumferential and longitudinal strips are cut with a punch. (D) Photo of the experimental setup for quasistatic and dynamic uniaxial tensile tests with
the thermal control, the strip holders, and the aortic strip installed. (E) Scheme of the experimental setup. VE, video extensometer; LD, laser Doppler sensor;
EA, electrodynamic actuator; LC, load cell; O, tube carrying oxygen (O2) for bubbling the solution; H, heater; TC, temperature control. (F) Typical phases of
an experiment on a strip described by the measured force (N) versus time (in minutes). S, quasistatic mechanical characterization of the passive strip reaped
several times to achieve preconditioning; D, dynamic tests on the passive strip with harmonic loading at two levels of preload performed at frequencies
from 1 to 5 Hz; A, isometric activation of the strip, first with KCl followed by noradrenaline; SA, quasistatic mechanical characterization of the active strip;
DA, dynamic tests on the active strip with harmonic loading at two levels of preload carried out at frequencies from 1 to 5 Hz.
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active curves are above the passive ones (i.e., higher stresses are
obtained at the same strain) and are significantly less curved
(more linear). These stress–strain curves allow material parame-
ters to be identified for the active and passive material once a
material model has been built. Material parameters of healthy
aortic tissues are necessary to design grafts that mimic the
mechanical behavior of the native aorta. The stress–strain curves
for all strips tested are given in SI Appendix, Active and passive
quasi-static extension tests.

Mechanical Model of the Activated Tissue. The strain–energy
function W of the aortic wall is represented as the sum of the
passive and active components

W ¼ WP þWA, [1]

where the passive componentWP is given in ref. 9 and described
in SI Appendix, Details on the material model of the passive and
active aortic tissue. It is a microstructurally based model that
presents 1) an isotropic term to describe the elastin network and
the ground substance, 2) one family of collagen fibers taking
into account their orientation dispersion, and 3) an orthogonal
fiber family to describe the cross-link and lateral interaction of
the collagen fibers. The active term refers to the activation of
the VSM. It is assumed that the fibers of VSM are not perfectly
aligned in the circumferential direction but rather dispersed
around the circumferential direction of the aorta in the plane
tangent to the middle surface (in plane) of the strip. In addition
to the main family of dispersed VSM, a second orthogonal fam-
ily with the same dispersion is considered to describe the lateral
interaction between VSM fibers; this is due to the interwoven
VSM fibers shown in Fig. 3B. This second family is assumed to
contribute with a minor active stress than the main family. The

proposed active strain–energy function is given by

WA ¼ ~K∑
2

i¼1

Ki EVSM
i þ ai

2
EVSM
i

� �2 � bi
mi þ 1

EVSM
i

� �miþ1
� �

, [2]

where ai,bi > 0 and mi are integers larger than one and

EVSM
1 ¼ 2 κVSMIP εxx þ εθθð Þ þ ð1� 2κVSMIP Þ εθθ

� �
, [3a]

EVSM
2 ¼ 2 κVSMIP εxx þ εθθð Þ þ ð1� 2 κVSMIP Þ εxx

� �
, [3b]

while εxx and εθθ are the longitudinal and circumferential normal
Green–Lagrange strains, and ~K is the activation-level coefficient
having a value comprised between 0 (no activation) and 1 (maxi-
mum activation). Eqs. 3a and 3b are inspired by an expression
for the bidimensional fiber dispersions proposed in ref. 15.
Expression (Eq. 2) has nine parameters, Ki, ai, bi, mi, κVSMIP . The
first term within the brackets in Eq. 2 takes into account the
stress value at zero principal strain. In particular, Ki is a stress-
like parameter associated with the initial active stress values. Since
the initial stress at zero strain is generally different in the axial and
circumferential directions, the model captures this feature
through the VSM dispersion parameter κVSMIP . The second term
within the brackets in Eq. 2 reflects the relatively slow initial
growth of the activation stress with strain, which is controlled by
the parameter ai. The third term represents the rapid decrease in
the activation stress after a certain strain value because of a higher
power; the slope of this drop is controlled by the two parameters
bi and mi. The integer power mi enables the experimentally
observed behavior of the difference between the active and passive
mechanical response to be reproduced. The optimization pro-
cedure for determining the material parameters is shown in
SI Appendix, Details on the material model of the passive and active

Fig. 2. Isometric activation of aortic strips. (A) Activation of the circumferential and longitudinal strips from donor VIII as stress developed over time.
The time of injection of the vasoactive agent—first KCl, followed by noradrenaline (NA)—is indicated as well as the corresponding increase in stress.
(B) Statistical analysis of the activation stress for the circumferential and longitudinal strips from 13 donors at a prestretch corresponding to 50 kPa (engi-
neering stress); maximum, minimum, first quartile, third quartile, median (white horizonal line in the box), and average (+) are reported. (C) Statistical
analysis of the activation stress divided into two age groups: 22 to 48 y (seven donors) and 55 to 68 y (six donors).

4 of 8 j PNAS Franchini et al.
https://doi.org/10.1073/pnas.2117232119 Role of smooth muscle activation in the static and dynamic mechanical

characterization of human aortas

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117232119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117232119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117232119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117232119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117232119/-/DCSupplemental


aortic tissue. The dispersion parameter κVSMIP is obtained by fitting
a von Mises probability distribution (9, 15), that is,

ρIP θð Þ ¼ exp ccos ð2θÞ½ �
I0 cð Þ , [4]

to the experimental histogram of the VSM distribution in Fig.
3D to obtain the concentration parameter c; I0 is the modified
Bessel function of the first kind of order zero. Once a normali-
zation of the area under the distribution (4) is introduced, the
dispersion parameter κVSMIP is given by refs. 9 and 15:

κVSMIP ¼ 1

2
� I1 cð Þ
2I0 cð Þ , [5]

where I1 is the modified Bessel function of the first kind of
order one. κVSMIP takes on values between 0 for perfectly aligned
VSM fibers in the circumferential direction and 0.5 for an iso-
tropic response (i.e., identical response in the circumferential
and longitudinal directions) of the VSM.

The second Piola–Kirchhoff stresses in the longitudinal and
circumferential directions are obtained by

Sxx ¼ ∂Ŵ
∂εxx

Sθθ ¼ ∂Ŵ
∂εθθ

, [6a] and [6b]

where Ŵ is the function W given in ref. 1 in which the incompres-
sibility condition was inserted. In fact, the aortic tissue is generally
considered incompressible (40). One of the two stresses in Eqs. 6a
and 6b is zero in uniaxial extension tests. This introduces a rela-
tionship that is used to link the strains. It is important to note that
because of this link, the active term WA depends on the passive
oneWP. This means that the model takes into account the passive
mechanical response of the tissue in order to obtain the activation

stress. Fibers that are under compression must be excluded in
Eqs. 6a and 6b (41).

The parameters of the active and passive material model of
all the tested aortas are given in SI Appendix, Tables S2 and S3.
It is interesting that these material parameters were obtained
from experiments with maximum activation of the VSM, that is,
with ~K ¼ 1. To obtain lower levels of activation corresponding to
lower concentrations of vasoactive agents, reduced values of ~K
should be used while maintaining the same material parameters.

The comparison between the material model and the experi-
mental characterization of the aortic tissue of donor VIII is pre-
sented in Fig. 4B (note the change in the shape of the curves
with respect to Fig. 4A because of different stress and strain def-
initions) in which the VSM dispersion parameter κVSMIP ¼0.343
was obtained from Fig. 3D. The comparison of the experimental
results and the model (with the identified material parameters)
in Fig. 4B is very satisfactory for both passive and active behav-
ior. The convexity of the strain–energy function (1) has been
verified numerically for the studied cases. The contour plots of
W are presented in Fig. 4C for the active case of donor VIII,
and they are convex.

Dynamic Mechanical Characterization. Due to the viscoelastic behav-
ior, the mechanical response of the aortic tissue to dynamic load-
ing is different from to quasistatic loading. The aorta is subjected
to cyclic pulsatile pressure at a frequency in the range of 1 to
about 3 Hz (i.e., 60 to 180 beats per minute). The pulsatile pres-
sure is not harmonic (3), but it can be expanded in a Fourier
series with harmonic components. In this study, the strips were
loaded by a harmonic cyclic strain with an amplitude of 7% of
their length. The loading frequencies used in the tests were set
from 1 to 5 Hz in 1 Hz steps. Two dimensionless parameters are
introduced to describe the viscoelastic behavior: 1) the dynamic

Fig. 3. Microstructural analysis of tunica media. (A) Cross-section (5 μm thick) with Masson trichrome stain (VSM in red) from donor IV. (B) In-plane section
(5 μm thick) withMasson trichrome stain (VSM in red) from donor IV. (C) In-plane section with DRAQ5 stain (nuclei of VSM in violet) from donor VIII. (D) Histogram
showing the distribution of the VSM directions from image Cwith the red line of the fitted distribution; dispersion coefficient κVSMIP = 0.343.
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stiffness ratio, which describes the stiffness increase of the tissue
under harmonic loading in relation to quasistatic loading, and
2) the loss factor, which is the percentage of energy loss in a cycle
with respect to the elastic energy stored in a quarter of the cycle.
Mathematical definitions are given in SI Appendix, Dynamic
characterization: dynamic stiffness ratio and loss factor.

Fig. 5A shows the hysteresis loops at 1 Hz superimposed on
the quasistatic uniaxial extension tests of the active and passive
circumferential and longitudinal strips of donor IV. Cycles were
performed at two different initial prestress levels, 50 and 90 kPa
(engineering stress), for the center of the loop of each strip.
The dynamic stiffness ratio and loss factor versus frequency for
the active and passive circumferential and longitudinal strips
of donor IV for the two prestress levels are given in Fig. 5 B
and C. The results show that both viscoelastic parameters are
hardly influenced by the frequency in the studied range. The
dynamic stiffness ratio increases significantly for the active strips
for both prestress levels, while the loss factor increases for the
two active strips for the first prestress level (50 kPa). This level is
a good representation of the physiological condition as described
in the SI Appendix, Dynamic characterization: additional data;
therefore, this level is chosen to present a statistical analysis for
all strips tested (11 of the 13 aortas were also tested dynamically;
the results are presented in SI Appendix, Tables S4 and S5 and
Dynamic characterization: additional data).

Fig. 5D shows a statistical analysis of the dynamic stiffness
ratio and the loss factor at 1 and 3 Hz (combined) for the cir-
cumferential and longitudinal strips from 11 donors at 50-kPa
prestress. The median of the dynamic stiffness ratio increases
from 1.52 (passive) to 2.07 (active) in the circumferential direc-
tion (36% increase); it increases from 1.58 (passive) to 2.16
(active) in the longitudinal direction (37% increase). This shows
that the increase in both directions is significant and almost iden-
tical, which in turn confirms that the activation in the longitudi-
nal direction is very relevant. The median of the loss factor
increases from 0.0686 (passive) to 0.0883 (active) in the circum-
ferential direction (29% increase) and from 0.0730 (passive) to
0.0861 (active) in the longitudinal direction (18% increase).

ANOVA tests strongly confirm that dynamic stiffness ratio and
loss factor are statistically different before and after activation
for both directions (P < 3.9*10^-5 in the four tests, rejecting
the hypothesis of no difference). Fig. 5E presents a statistical
analysis of the viscoelastic parameters that divide the donors
into two age groups: 25 to 48 and 55 to 68 y. Both age groups
show a significant increase in both viscoelastic parameters with
active strips. ANOVA tests suggest that likely there are no age-
associated differences for the active viscoelastic parameters.

Conclusions
In summary, the results show that VSM activation has a signifi-
cant quasistatic stiffness increase of the descending thoracic aor-
tic tissue in both the circumferential and longitudinal directions.
This effect diminishes with age in longitudinal direction. A
microstructural analysis of the VSM cells in the tunica media
confirms their dispersion in the plane parallel to the aortic sur-
face, while in a section through the thickness of the aortic wall,
they are well organized and parallel to the surface. An accurate
material model was developed for the active tissue, and the
material parameters were identified from experiments. Harmonic
cyclic loading show that the viscoelastic material properties of
the aortic tissue increase significantly with the VSM activation.
Since activation of the VSM is relevant to the mechanics and
physiology of the aorta (5, 42), the experimental data and mate-
rial model presented in this study could be used to design and
develop a mechanically compatible active aortic graft. The regu-
lation of the vascular tone (i.e., the level of VSM contraction)
also plays a key role in hypertension and its treatment (43, 44).
Therefore, the relationship between VSM activation and arterial
mechanical properties is also relevant to address hypertension.

Materials and Methods
Ethics. This research on human samples has been approved by the Ethics Com-
mittee of McGill University. Transplant Qu�ebec receives organs for research
purposes from donors who have consented to both transplant and research
organ donation following a diagnosis of brain death.

Fig. 4. Quasistatic mechanical characterization and material model. (A) Stress–strain curves (engineering stress and engineering strain) from quasistatic
uniaxial tensile tests on active (red) and passive (blue) circumferential and longitudinal strips from donor VIII. (B) Stress–strain curves (second
Piola–Kirchhoff stress and Green–Lagrange strain) from experiments on active (red) and passive (blue) strips from donor VIII and active (black dashed)
and passive (black) material model with identified parameters. (C) Contour plot of the strain–energy function W of the active aortic wall for the case of
donor VIII without fiber exclusion; the convex contours represent states of constant energy.
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Sample Preparation. Descending thoracic aortas from 13 heart-beating donors,
aged from 25 to 68 y (mean age = 48.6 ± 14.2 y), were studied. They were col-
lected during a transplant organ donation under a research agreement with
Transplant Qu�ebec, which is the transplant coordinator agency in Qu�ebec, Can-
ada. The donors were maintained heart beating after neurological determina-
tion of death. All aortas were maintained in Belzer UW organ preservation
solution at 4 °C prior to testing. The tissue preparation for experiments con-
sisted of 1) the removal of the periaortic connective tissue and arterial
branches, 2) excising the aorta longitudinally at the posterior part between the
pair of tiny holes that remain after the intercostal arteries are removed, and 3)
obtaining longitudinal and circumferential strips of the approximate dimen-
sions of 5 × 35 mmwith a punch of 5 mmwide. The thickness and width of the
strips were measured with a Micro-Epsilon triangulation laser sensor (model
optoNCDT1402) and caliper at five different locations in order to obtain the
cross-sectional area.

Histological analysis was performed on the same strips used in mechanical
experiments after discharging the parts in contact with the grips. Samples
were processed at the Goodman Cancer Research Centre (GCRC) Histology
Core of McGill University. The tissues were dehydrated in 70% ethanol and
processed in a Sakura Tissue-Tek vacuum infiltration processor model VIP 6-AI
by treating with ethanol, xylene, and paraffin according to a specific protocol.
A Leica EG1150 was used for the embedding process. A Leica RM2255

microtome picked up 5-, 10-, and 20-μm-thick sections, which were placed on
charged slides (Epic Scientific charged white frosted slides). The slides were
placed at 36 °C to remove folds and excess moisture. Paraffin was removed in
a Leica ST5020 automatic stainer using a dewaxing protocol. This procedure
was performed with the samples already on the slides. Some sections were
stained with Masson trichrome using an automatic stainer Leica ST5020. The
images were obtained using a Leica Aperio AT Turbo digital pathology scan-
ner. Other sections were stained with DRAQ5 (1/1,000, 30 min) to visualize
nuclei in VSM cells.

Mechanical Tests. The experiments were completed within 8 to 10 h of
explanting the aorta from the donor’s body, which is the time window to
obtain proper VSM activation. Since organ explantation are planned only a
few hours in advance and are often linked to accidents, the testing team had
to be ready for testing any day and at any time not to lose any specimen.

Definitions are as follows: engineering stress is calculated as force divided
by undeformed area; engineering strain is calculated as elongation divided by
original length.

Quasistatic and dynamic uniaxial extension tests were carried out on a
device that was developed for aortic tissue and controlled by a dSPACE hard-
warewith a Simulink code. An EpsilonONE-52PT video extensometer equipped
with a telecentric lens (approximate 5-mm distance between the markers on

Fig. 5. Dynamic characterization of active and passive aortic strips. (A) Hysteresis loops at 1 Hz (active: magenta; passive: black) superimposed to the qua-
sistatic uniaxial tensile tests (active: red; passive: blue) of the circumferential and longitudinal strips from donor IV. Engineering stress versus engineering
strain is given. Two cycles at different initial prestretches corresponding to about 50 and 90 kPa for the midpoint of the loop were measured. The ampli-
tude of each cycle was about 0.07 in strain. (B) Dynamic stiffness ratio versus frequency for the circumferential and longitudinal strips from donor IV for
the two prestress levels (first level 50 kPa; second level 90 kPa). Active: red; passive: blue. (C) Loss factor versus frequency. (D) Statistical analysis of the
dynamic stiffness ratio and loss factor at 1 and 3 Hz for the active (red) and passive (blue) circumferential and longitudinal strips from 11 donors at a pre-
stretch corresponding to 50 kPa (engineering stress); maximum, minimum, first quartile, third quartile, median (white horizonal line in the box), and aver-
age (+) are reported. (E) Statistical analysis of the dynamic stiffness ratio and loss factor at 1 and 3 Hz for the circumferential and longitudinal strips from
the donors, divided into two age groups (25 to 48 and 55 to 68 y) at a prestretch corresponding to 50 kPa; active (red), passive (blue).
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the strip; absolute error no greater than±5 μm)measured the strain in the strip
direction, and an InterfacemodelWMCFP 1,000 g load cell obtained the force.

The tested strip was immersed in bubbled (O2) Krebs–Henseleit buffer solu-
tion (D-glucose 2.0 g/L, magnesium sulfate 0.141 g/L, potassium phosphate
monobasic 0.16 g/L, potassium chloride 0.35 g/L, sodium chloride 6.9 g/L, calcium
chloride 0.373 g/L, and sodium bicarbonate 2.1 g/L) at 37 °C. The distance
between the grips had an accuracy of ±1 μm, and the tensile force measure-
ment had an accuracy of ±0.01 N.

The mechanical characterization took place after eight preconditioning
cycles with a displacement rate of 0.05 mm/s. It has been verified that this rate
is suitable for minimizing viscoelastic effects. Forces were converted into engi-
neering stresses using the cross-sectional area of the strip. The grip distance
was adjusted to have an initial load-free position with no sagging of the strip.

If necessary, this position was adjusted after preconditioning without a test
stop, and the corresponding strain was set to zero.

Data Availability. All study data are included in the article and/or SI Appendix.
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