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Aortic dissection is one of the most lethal cardiovascular diseases. A chronic Type A (Stanford) dissected
aorta was retrieved for research from a 73-year-old male donor without diagnosed genetic disease. The
aorta presented a dissection over the full length, and it reached a diameter of 7.7 cm in its ascending por-
tion. The descending thoracic aorta underwent layer-specific quasi-static and dynamic mechanical char-
acterizations after layer separation. Mechanical tests showed a physiological (healthy) behavior of the
intima and some mechanical anomalies of the media and the adventitia. In particular, the static stiffness
of both these layers at smaller strains was three times smaller than any one measured for twelve healthy
aortas. When the viscoelastic properties were tested, adventitia presented a larger relative increase of the
dynamic stiffness at 3 Hz with respect to most of the healthy aortas. The loss factor of the adventitia,
which is associated with dissipation, was at the lower limit of those measured for healthy aortas. It seems
reasonable to attribute these anomalies of the mechanical properties exhibited by the media and the
adventitia to the severe remodeling secondary to the chronic nature of the dissection. However, it cannot
be excluded that some of the mechanical anomalies were present before remodeling.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Aortic dissection typically starts with an intimal tear of the wall,
followed by a crack in the radial direction. The crack then proceeds
within the medial layer, or between the media and the adventitia,
causing the layers of the wall to separate and creating a false
lumen where the blood can flow into. This may reduce the blood
flow to any of the arteries towards the periphery. Any disease that
weakens the strength of the aortic wall may lead to aortic dissec-
tion (Erbel et al., 2001). The first few centimeters of the ascending
aorta are the most common site for the initial rupture (Evangelista
et al.,, 2018). Risk factors associated with aortic dissections include:
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inflammation and blunt trauma (Erbel et al., 2001; Evangelista
et al.,, 2018). Associations between mutations in smooth muscle
o-actin and dissection have also been documented (Guo et al,,
2007).

Aortic dissection can be acute or chronic. Stanford Type A aortic
dissections are life-threatening emergencies in the acute phase
that require immediate surgical repair for the high propensity to
quickly develop severe complications, including aortic rupture,
severe aortic regurgitation, pericardial tamponade, and cerebral
and coronary malperfusion. Mortality estimates suggest that 20%
of cases of Type A acute aortic dissection die before reaching the
hospital (Erbel et al., 2001). There is about 1% mortality per hour
within the first 48 h upon arrival (Erbel et al., 2001), and postoper-
ative survival at 1 year postdischarge after surgical repair is evalu-
ated at 96.1% (Evangelista et al., 2018). According to other data,
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overall in-hospital mortality was found to be 26% in case of surgical
treatment and 58% for patients not receiving surgery (Hagan et al.,
2000). In the last 20 years surgical repair mortality has reduced
due to improvement in surgical techniques and resuscitative mea-
sures (Evangelista et al., 2018).

Chronic Type A dissection (CTAD) affects a subset of patients
who were not diagnosed of the acute dissection for absence of typ-
ical symptoms. CTAD are considered to be present if more than
14 days have elapsed from the acute event and patients typically
remain clinically and hemodynamically stable (Erbel et al., 2001).
A more recent classification proposal considers CTAD if more than
30 days have elapsed (Evangelista et al., 2018). A relatively small
number of Type A acute aortic dissection advance to the chronic
phase due to the high mortality of patients not receiving surgery
during the acute phase.

The underlying mechanisms of aortic dissection are also not yet
fully understood. A review of the state-of-the-art in regard to
experimental and numerical approaches aimed to study the
mechanics of aortic dissections was presented in Tong et al.
(2016). A review on the biomechanics of the ascending thoracic
aorta is provided in Emmott et al. (2016) and Sherifova and
Holzapfel (2019). In the study of Sommer et al. (2008), direct ten-
sion and peeling tests were performed on the media obtained from
healthy abdominal aortas in order to clarify the mechanisms of dis-
section propagation. Some studies investigated the mechanical
properties of diseased aortic tissues. Dissection properties of
non-aneurysmal and aneurysmal human ascending thoracic aorta
were identified in Pasta et al. (2012, 2016), while mechanical prop-
erties of the media of twelve aneurysmal and four dissected human
thoracic aortas (14 ascending and 2 descending aortas) were inves-
tigated in Sommer et al. (2016) - tissues were obtained from
patients undergoing surgical repair. Mechanical characterization
of strips harvested from ascending aortas of twelve patients under-
going emergent surgical repair for type A dissection was performed
in Manopoulos et al. (2018). Dissection properties of aneurysmal
ascending thoracic aortas were investigated by Angouras et al.
(2019). Refined models for aortic dissection were presented in
Pal et al. (2014), Bellini et al. (2017), Thunes et al. (2018),
Ahmadzadeh et al. (2019) and Giiltekin et al. (2019). The identifi-
cation of static and viscoelastic material parameters from healthy
descending thoracic aortas (Amabili et al., 2019a, 2019b, 2020) is
also useful in order to compare these data to those obtained from
dissected aortas, which allows to identify mechanical anomalies.

Additional data on the mechanical properties of dissected aortas
are of pressing need to advance studies and model validations. Aortic
tissues tested in Sommer et al. (2016) and Manopoulos et al. (2018)
were obtained from patients undergoing surgical repair. It seems
that up to now no data on the layer-specific mechanical properties
are available for a chronic Type A aortic dissection, which to identify
is the goal of the present study. These properties are compared to
those of the same segment of healthy aortas in order to better under-
stand if mechanical anomalies are associated to the disease.

2. Case presentation

A 73-year-old male (weight 63 kg, height 154 cm) was brought
by ambulance to the emergency department after having fallen
unconscious to the floor. Initial Glasgow Coma Score of 5 rapidly
deteriorated (GCS: 3) requiring emergency intubation. Upon arri-
val, blood pressure was found to be 200/100 mmHg and treatment
with labetalol and hydrochlorothiazide (HCTZ) was started. A com-
puterized tomography (CT) scan showed a massive left-brain hem-
orrhage associated with midline shifting and cerebral herniation.

The patient had a coronary stent in the anterior interventricular
artery implanted 5 years before the accident. He had a full cardio-
vascular examination with myocardial scintigraphy two years after

the coronary stent insertion and no sign of dissection was observed
at that time. He had never been diagnosed with genetic diseases
linked to connective tissue disorders. The patient suffered of
hypertension and was taking medications to treat it (HCTZ, a diure-
tic; Diovan; Norvasc); he also suffered from atherosclerosis and
was taking atorvastatin (Lipitor; Pfizer) to reduce cholesterol
levels. He was part of a research project involving the use of
rivaroxaban (Xarelto; Bayer, an anticoagulant) to prevent progres-
sion of the coronary disease.

After the patient was declared brain dead with the heart still
beating and under mechanical ventilation, diagnostic investiga-
tions were started to assess the patient for organ donation. A CT
scan of the thorax and the abdomen revealed the presence of a
chronic dissection of the aorta that extended helicoidally from
the aortic root to the bifurcation of the aorta into the iliac arteries
(Type A Stanford Classification), see Fig. 1(a and b). The ascending
aorta was dilated at 7.2 x 7.7 cm in the anterior-posterior and
lateral-lateral diameter. The coronary vessels, the celiac trunk ves-
sels and the left renal artery were perfused through the true lumen
of the aorta. The right renal artery was dissected at its origin with
no perfusion of the right kidney. The liver and the left kidney were
deemed suitable for transplantation and the family consented to
their retrieval. The aorta was also retrieved for research purposes
with the help of Transplant Québec, the official transplant coordina-
tion body for the province of Québec. The research was approved
by the ethical committee of McGill University.

3. Mechanical characterization of the descending thoracic aorta
with chronic dissection

The retrieved thoracic aorta was prepared removing the
periaortic connective tissue and the arterial branches. It was then
preserved in physiological saline solution at 4 °C and tested within
48 h from the time it was harvested from the heart-beating donor.
The dissected aorta with respective dimensions is shown in Fig. 2
(a-c). The dissection progressed within the media. Fig. 2(c) shows
the undulated surface of the false lumen, which originated from
the dissection. Strips of 32 x 8 mm were cut from the descending
portion and they went to a dissecting procedure to separate the
three constitutive layers. The axial strips were cut from the true
lumen (external part of the true lumen, where the three layers
were intact). The circumferential strips had the intima and the dis-
sected media from the wall shared between the true and false
lumina, while the adventitia was taken from the exterior wall of
the false lumen, as indicated in Fig. 2(c). The thickness of the layers
was increased by severe remodeling that has happened due to the
chronic dissection. Most probably the patient suffered from the
dissection for a rather long time.

Quasi-static uniaxial tensile tests (0.032 mm/s) were performed
after 9 preconditioning cycles identical in duration and extension
to the final one; the experimental apparatus is described in
Amabili et al. (2019a). The mechanical behavior of a layer of the
aortic material is characterized by using the GOH model (Gasser
et al., 2006); we assume an incompressible material with two fam-
ilies of collagen fibers that are symmetrically disposed relative to
the tensile direction, which has no component in the radial direc-
tion. No additional families of fibers were considered, as instead
was proposed by Sassani et al. (2015). The fibers have mean direc-
tions +p with respect to the aortic circumferential direction, with a
fiber dispersion described by the dispersion parameterx < [0,1/3],
varying between zero for perfectly aligned fibers (transversely iso-
tropic response), and 1/3 for equally distributed fibers (isotropic
response). The strain-energy function W is (Gasser et al., 2006)

_u Il
w50 -3) +M—;{exp[u2(m] +(1-3K)I, - 1)2] - 1}, (1)
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Fig. 1. (a) Coronal thoracic and (b) abdominal CT scan, displaying a chronic type A aortic dissection originating from the aortic root (red arrow) and extending to the aortic
bifurcation (yellow arrow): (a) Aortic arch dissection (red arrow); (b) helicoidal path of the false lumen surrounding the true lumen (purple arrow) all through the abdominal
portion of the aorta. The left (white arrow) and right (black arrow) iliac arteries are clearly visible. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

Fig. 2. (a) Retrieved thoracic aorta showing the true (blue arrow) and the false lumen (white arrow); (b) dimensions (in mm) are drawn on a ring taken from the descending
portion of the thoracic aorta - the true lumen is at the bottom; (c) position where the strips were cut out: 1 denotes the axial strip with the three layers, 2 the circumferential
strip from the true lumen with the intima and the dissected media, and 3 denotes the circumferential strip from the false lumen with the adventitia (the dissected media from
this strip was not tested). A few strips were cut in parallel in order to have spared samples for testing.

where the isotropic ground matrix is described by a neo-Hookean
material (first term), with the first invariant I; of the right
Cauchy-Green tensor C (Amabili 2018), given by

I =trC=2(Ex + Ep + Er) + 3, (2)

where tr (o) represents the trace of the tensor e, and E,, Egy and E,,
are the components of the Green-Lagrange strain tensor in the axial,
circumferential and radial direction, respectively. The radial Green-

Lagrange strain is then obtained by the incompressibility condition
detC = 1, i.e. in the absence of shear stresses
1 1
Err_z(zExx+1)(zEgg+1)_§ (3)
In Eq. (1), the pseudo-invariant I, takes on the following expres-
sion in the absence of shear (Amabili 2018), i.e.

Iy = 1+ 2(Eusin’p + Eycos®p), (4)




where p and p, are stress-like material parameters and u, is a non-
dimensional parameter. These parameters, together with the fiber
angle g and the dispersion parameter x were identified using a
computer code based on genetic algorithms (Amabili et al.,
2019a); hence the fiber angle and the dispersion parameter are here
used as phenomenological parameters by fitting the material model
(1) to the available experimental data. The invariants I, and Ig
contribute both in traction and compression since no fiber exclusion
was implemented in this case. The two uniaxial tests of the
same layer in axial and circumferential direction were fitted
together to identify the model parameters. The equations and the
objective function minimized by the code are given in Amabili
et al. (2019a).

Uniaxial tensile tests were also performed at different frequen-
cies of small-amplitude (50 pm) harmonic strain, superimposed to
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an initial stretch 4, to characterize the nonlinear viscoelastic
behavior of each layer of the dissected aorta by a custom-built
apparatus (Amabili et al. 2019a, 2019b). 20 cycles were measured
at each frequency: 10 were preconditioning and 10 were used for
the actual measurement. Frequency was varied between 1 and
40 Hz, with a step of 2 Hz. The viscoelastic model, which was
adopted for the aortic material, is the generalized Maxwell model
with Ns elements composed of springs and dashpots (Amabili
2018), with the dynamic storage modulus E' and the loss tangent

n given by
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Fig. 3. Second Piola-Kirchhoff stress versus Green-Lagrange strain. (a) Experimental data from quasi-static uniaxial tensile tests (only loading curves are displayed) of the
axial and circumferential strips from the intima, media and adventitia layers of the donor with chronic Type A dissected aorta. (b) Comparison of the model and the

experimental data for the axial strip of adventitia; —, model; —, experiment. (c¢) Comparison of the model and the experimental data for the circumferential strip of
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Table 1

Identified quasi-static parameters for the GOH model and coefficient of determination R?. For the stiffness coefficient y of the neo-Hookean term, the range of values determined

from 12 healthy aortas (Amabili et al., 2019a) is provided within parentheses.

Layer 1 (kPa) 1; (MPa) Uy B(°) K R?

Intima 58.5(1.9-81.7) 14.0 54.2 423 0.0821 0.985
Media 11.8 (33.1-65.6) 0.416 13.2 46.4 0.0480 0.996
Adventitia 1.99 (6.3-38.2) 0.621 34.4 42.7 0.0193 0.995
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where E,, is the static modulus (in Pa), g, > 0 are non-dimensional
material parameters, o is the circular frequency (in rad/s) of strain
and 7, are material time constants (in s), while E_. is a function of
the initial static stretch 2 of the strip. Note that E. (1) was obtained
from the constitutive model (1). In particular, the storage modulus
E, as provided in (5), considers the parameter E.. (%), which makes F'
dependent from the static stretch. The loss tangent 7, as provided in
(6), is instead independent of the initial static stretch.

4. Results and discussion

Fig. 3(a) shows the mechanical (static) behavior of the three lay-
ers (intima, media, adventitia) of the dissected aorta in axial and
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circumferential directions. For small strains, the intima is the stiff-
est layer in both directions; it is followed by the dissected media in
the circumferential direction, taken from the true lumen, and the
media in the axial direction. The adventitia is initially the softest
layer in both directions but becomes the stiffest in the higher stress
region. The identified material parameters for the GOH constitutive
model (1) and the coefficient of determination R?, assessing the
accuracy of the fit, are summarized in Table 1. The parameters
show a rather small dispersion parameter when compared to the
study of Amabili et al. (2019a) in which twelve healthy aortas were
investigated. In addition, the fiber angle g for the three layers is
very similar ($=42.3°, 46.4° and 42.7° for intima, media and adven-
titia, respectively), and close to 45°. The range of values obtained
by Amabili et al. (2019a) for the material parameters are also sum-
marized in Table 1. The comparison of data shows that the stiffness
p of the neo-Hookean term is three times smaller than the mini-
mum value observed for the twelve healthy aortas for both media
and adventitia. Some difference in the material properties can be
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Second Piola-Kirchhoff stress versus Green-Lagrange strain is shown. The gray area is within one standard deviation distance from the average curve obtained from all the

healthy data for that specific layer and direction.



6 M. Amabili et al./Journal of Biomechanics 110 (2020) 109978

Axial intima
g5 A=1.151
% ~ 0.15 A=1.138
g 1
=4 c .. -
ER R -+TLE A=1.138 £
= S ¢ [=T)
=] c
[=] «
E2 i
D n
¥ 5
51
7
0 10 20 30 40 0 10 20 30 40
Loading frequency Q (Hz) Loading frequency  (Hz)
Circumferential intima
5
_ 0.15
£ s . A=1.224,
=4 T I
X > 01
3 3 E o s o e o o o
= [=T1]
S =
R 8
g » 0.05
@ 1723
1] =]
o1 S
7
0 10 20 30 40 0 10 20 30 40
Loading frequency ) (Hz) Loading frequency  (Hz)
Axial media
= 2 A=1.381 . 0.15
9 e mw G e G e
& | .o 0
W15 > 01
E E
21 P
g o0 A=1.344 g
£ « 0.05
) &
s 0.5 -
8
7
0 10 20 30 40 0 10 20 30 40
Loading frequency  (Hz) Loading frequency Q (Hz)
Circumferential media
. 2 0.15
&
s
S15 AL
& & 04
E g
: Y zﬂ
e 8
£ 3 » 0.05
& £
0.5 3
S
@

0 10 20 30
Loading frequency 2 (Hz)

40

0 10 20 30 40

Loading frequency 2 (Hz)

Fig. 5. Storage modulus E’ and loss tangent # at two different initial stretches / at the axial and circumferential strips from intima, media and adventitia of the dissected aorta
versus loading frequency Q (Hz). Generalized Maxwell model with N5 =5. @ = experimental data for the smaller stretch; @ = experimental data for the larger stretch.



M. Amabili et al./Journal of Biomechanics 110 (2020) 109978 7

Axial adventitia

w

b9
th

N~

[y

Storage modulus E' (MPa)
o —
tn N

0 10 20 30 40
Loading frequency ) (Hz)

0.1

0.05

Loss tangent 7 (-)

0 10 20 30 40
Loading frequency  (Hz)

Circumferential adventitia

4
= A=1.423
& e o o o o o o o o o o o o
Sy
&
w0
ER OO A=1.414
=]
£ b
D
%"1
S
/5]
0 10 20 30 40

Loading frequency ) (Hz)

Loss tangent 77 (-)

0.1

0.05

0 10 20 30 40
Loading frequency () (Hz)

Fig. 5 (continued)

expected from strips taken at different locations. A satisfactory
visual comparison of the material model and experiments for the
adventitia are given in Fig. 3(b and c); they confirm the large value
R* = 0.995 in Table 1 for this case.

A comparison of the (static) mechanical behavior of the six
strips of the dissected aorta to healthy aortas tested by Amabili
et al. (2019a) is carried out in Fig. 4. The stress-strain curves for
the dissected intima lie approximately in the middlIe of the healthy
intima curves, showing not much of a difference with respect to
the mechanical response. On the other hand, the dissected media
and adventitia present smaller stiffness at lower strains with
respect to all the healthy cases, regaining a regular behavior for lar-
ger strains. It is not clear if this difference in the mechanical behav-
ior is related to the strongly remodeled wall associated to the
chronic dissection or if it was present before. The thicknesses of
the three layers are: intima 0.2 mm; intact media in the axial strip
0.98 mm; adventitia in the false lumen 1.9 mm. While the intima
and media have thicknesses comparable with those observed for
healthy aortas (Amabili et al. 2019a), the adventitia has a thickness
more than 2.5 times larger than the thickest adventitia observed in
the same study. This is a solid indication of large remodeling of the

adventitia in the false lumen. The stress-strain relationship in the
circumferential strip of the adventitia, which was taken from the
false lumen, appeared to be most different among the studied
regions compared to the healthy strips, as shown in Fig. 4.

The viscoelastic characterization of the dissected aorta is shown
in Fig. 5, where both the storage modulus (dynamic stiffness) E'
and the loss tangent (dissipation) # are provided for two different
initial stretches 2 of the six strips (Q = w/27). The two levels of
stretches in the dynamic tests are chosen to give a first Piola-
Kirchhoff (engineering) stress of 50 and 100 kPa, respectively.
Experimental data (dots) and the fitted generalized Maxwell model
(curves) are shown. The viscoelastic material parameters are sum-
marized in Table 2. Results show a sudden increase in the stiffness
moving from static load (zero frequency) to dynamic load at 1 Hz,
which is a characteristic of soft biological tissues. A relatively flat
behavior is then observed in the remaining frequency range. The
viscoelastic model in terms of the loss tangent, see Eq. (6), is inde-
pendent of the initial stretch. This is well verified by the media and
the circumferential adventitia in Fig. 5, while two distinct curves
are experimentally observed for the intima and the axial adventi-
tia. The two curves are roughly parallel, not far apart, and the low-

Table 2

Identified viscoelastic parameters for the generalized Maxwell model with Ns =5. Ax = axial direction; Circ = circumferential direction; s = seconds.
Strip H B2 B3 Ba Bs 74(s) 75(s) 75(s) T4(s) 75(s)
Intima Ax 0.403 0.252 0.137 0.173 0.177 0.003 0.026 1360 1570 1410
Intima Circ 0.464 0.482 0.224 0.345 0.674 0.003 0.028 1120 1300 1530
Media Ax 0.396 0.281 0.176 0.175 0.290 0.004 0.063 1240 1420 1470
Media Circ 0.451 0.294 0.146 0.147 0.205 0.003 0.026 1140 1260 1430
Adventitia Ax 0.264 0.226 0.112 0.279 0.147 0.005 0.070 1200 1490 1380
Adventitia Circ 0.242 0.194 0.153 0.100 0.119 0.004 0.065 1410 1320 1300
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est one is obtained for the largest stretch. This behavior shows the
presence of nonlinear viscoelastic effects.

A comparison of the viscoelastic properties of the dissected
aorta with the statistical analysis of data from twelve healthy aor-
tas (Amabili et al., 2019a) is presented in Fig. 6. In particular, Fig. 6
(a) provides the storage modulus ratio E3;,,/E,,,, Which is related to
the jump in stiffness from static to harmonic load at 3 Hz. Except
for the media in the circumferential direction, the storage modulus
ratio is outside the most probable region for healthy aortas, but
still within the extreme values measured. Fig. 6(b) presents the
loss tangent # at the frequency of 3 Hz. Both adventitia strips, in
axial and circumferential directions, present rather low values for
the loss tangent that are at the very limit of those measured by
Amabili et al. (2019a).

The limitations of the study are (i) the number of locations from
where the strips are taken, (ii) the absence of biaxial mechanical
tests (no strain was measured orthogonally to the uniaxial exten-
sion direction), and (iii) the absence of a microscopy study to study
the microstructure and statistical orientation of collagen fibers. It
would be interesting to analyze the microarchitecture in a further
study, even if it is very difficult to obtain tissue for a similar case.

5. Conclusion

A chronic Type A (Stanford) dissected aorta was retrieved from
a heart-beating donor and its mechanical properties were studied.
To our knowledge this is the first time that such quasi-static and
dynamic studies were performed in chronic Type A aortic dissec-
tions. The aorta was dissected for the full length and it reached a
diameter of 7.7 cm in the ascending part. The three layers of the
aortic wall were separated and mechanically tested individually.
Results of quasi-static uniaxial tensile tests show a physiological

(healthy) stiffness of the intima and some (mechanical) anomalies
for the media and the adventitia that could be attributed to the
strong remodeling of the wall associated to the chronic dissection.

In terms of the viscoelastic properties, the adventitia presented
a larger relative increase of the dynamic stiffness to harmonic load
at 3 Hz with respect to most of the healthy aortas reported in
Amabili et al. (2019a). The loss factor of the adventitia was at the
lower limit when compared with Amabili et al. (2019a). Results
of dynamic tests reinforce the possibility of altered mechanical
properties of the adventitia, which is a layer that largely thickened
to allow the patient’s survival to the chronic Type A aortic dissec-
tion. The role of remodeling after the acute phase of the dissection
is the key factor for the patient survival in the chronic phase.
Therefore, understanding the mechanical properties of the remod-
eled media and adventitia sheds new light on the knowledge of the
progression of chronic Type A dissection.
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