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Abstract
Background: It is commonly admitted that a dissection initiates with an intimal tear or at least a defect inside the arterial
wall. Nevertheless, few studies investigated the initiation sequence due to the difficulty to monitor this process.

Objective: The objective of this work was to observe and investigate the mechanisms leading an intimal tear to propagate
into a dissection.

Methods: A custom-made tension-inflation device fitting inside an X-ray microtomography setup was designed. A notch
was created inside a porcine carotid artery before performing the tension-inflation test. The X-ray tomography setup allowed
observing the wall-structure and the notch behavior during the inflation of the carotid artery.

Results: A quantitative description of the notch morphology was performed, suggesting the prevalence of high shear stress
in the region of the crack tip as a possible trigger for propagation of a dissection.

Conclusions: The present experimental approach allowed understanding better the mechanisms leading to dissection and

constitutes a first step toward the improvement of failure modeling and risk assessment of this disease.

Keywords Arterial dissection - Tension-inflation test - Microstructure - X-ray - Intimal tear - Fracture mechanics

Introduction

A major challenge in the vascular biomechanical field is
the understanding of damage and rupture properties in
arteries. This understanding is limited by the complexity
of arterial microstructure. Several approaches were used to
investigate the mechanisms behind these complex and non-
linear events. Most of these studies measured properties at
the macro-scale in order to develop continuum constitutive
models [29, 36, 39]. Nevertheless, the understanding of the
microstructure influence seems to be the key to evidence the
phenomena leading to rupture and to propose appropriate
modeling approaches. In that purpose, studies combining
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mechanical loading and microstructural observations are
crucial to investigate damage propagation in arteries.

Aorta and major proximal arteries are composed of
three layers. The innermost layer, called intima, is mainly
composed of endothelial cells, making contact with the
blood. The media is the middle layer, composed of several
musculo-elastic unit separated by elastin laminae [10]. The
outermost layer is the adventitia, mainly composed of
collagen. It has a significant role in the stability and ultimate
strength of the artery. Aortic dissection is characterized
by a sudden delamination of the aortic wall, occurring in
the medial layer. It is a life threatening condition with
high mortality rate [26, 32]. This event can be separated
in two different mechanisms: initiation and propagation.
In the majority of cases aortic dissection initiates with an
intimal tear which propagates through the medial layer,
hence allowing blood to flow in a false lumen. Nevertheless,
intramural bleeding can also cause aortic dissection as no
communication is found between these two lumina in 4% to
13% of aortic dissections [14, 19]. Usually, the intimal tear
is believed to be in a radial-circumferential plane (>~ 80 %
of cases) and involves more than half the circumference of
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the aorta [40]. There is a lack of understanding concerning
the phenomena behind the tear propagation. For more
information on aortic dissection see, for instance, the review
by Brunet et al. [5].

Several experimental studies investigated the behavior of
arterial wall related to dissection: liquid infusion test [7,
33, 38, 41], radial tensile test [24, 36], peeling test [29, 36,
42], shear test [16, 17, 37, 48]. Although these mechanical
tests allowed characterizing the rupture properties of arterial
tissue, there is a lack of understanding on the early stages
of aortic dissection, especially at the microstructural scale.
The tension-inflation test is closer to in vivo conditions and
was performed in multiple experimental studies to create an
in vitro dissection [9, 13, 15, 30, 44]. Nevertheless, one of
the difficulties with the investigation of dissection is that
it is an intramural process which complicates observation.
Combining the tension-inflation test with an appropriate
imaging technique would overcome that issue and allow
observing and quantifying the different steps of aortic
dissection, especially in the early stages.

Different imaging techniques were used to observe
arterial tissue. However, few were used in combination with
mechanical tests. Recently multiphoton microscopy was
often used to image arterial tissue as it allows observing
collagen and elastin fibers. These studies investigated the
organisation of collagen fibers structure inside the arterial
wall during uniaxial and biaxial loading tests [8, 22, 47].
Although this approach provides many insights into the
behavior of arterial wall at a micro-scale, the limited volume
of observation (<1 mm?’) is a major limitation in the
observation of aortic dissection. X-ray microtomography
(micro-CT) is an alternative non-destructive imaging
method with a larger field of view (1-10 mm?). This
technique allows observing the 3D microstructure of soft
tissue with high resolution [25, 46]. However, in situ
tests on soft tissues like arteries are still scarce in the
literature. In a previous study, Helfenstein-Didier et al. [18]
performed in situ uniaxial tensile tests on medial layer strips
of porcine thoracic aorta inside a micro-CT setup with a
resolution of 4 um to investigate the damage initiation and
propagation mechanisms. Sodium polytungstate was used
as a contrast agent to observe the musculo-elastic units
of the media. The results highlighted the importance of
the shear delamination of the medial layers in the failure
process. This conclusion was supported by histological
observations on the ruptured samples. Similar observations
were also presented in the study of Sherifova et al. [34]
which concluded that the microstructure and especially the
collagen fiber architecture but also the different types of
cross-links are of first importance in the uniaxial failure
of soft tissues. In another in situ study using micro-
CT, Trachet et al [43] performed tension-inflation test
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on mice left common carotid arteries, using synchrotron-
based phase-contrast imaging. High resolution images of the
carotid artery were obtained with a resolution of 1.625 pm,
allowing the elastic lamellae to be segmented. The results
showed that the lamellae stretch simultaneously as luminal
pressure increases.

In the present work, an in vitro dissection was created
and observed by combining a tension-inflation test with
micro-CT. A notch was created inside the porcine common
carotid artery to initiate the dissection. The structure of
the artery was observed while performing the mechanical
test by designing a custom-made device fitting inside a
micro-CT setup. The objective was to follow-up the notch
evolution during the inflation and investigate the damage
propagation in the medial layer.

Material and Method
Sample Preparation

Porcine hearts with aorta and carotid arteries from 6-
month-old pigs were purchased from a local butchery few
hours after death. Common carotid arteries were carefully
excised and 50 mm long samples were cut. Pig was chosen
as the arterial diameter and medial lamellae number are
close to human [11] and suitable for a good compromise
resolution/field of view with the micro-CT equipment
used here. The present study aims at demonstrating the
capacity of the experiment and its relevance in analysing
early dissection progress, the results of two samples are
presented. The first sample (sample 1) reached complete
dissection prematurely, and could only be observed in the
dissected state. The second sample (sample 2), analyzed
in this paper, was followed up to a pressure that was not
sufficient to fully propagate dissection.

Contrast agent

A major issue with arterial tissues and soft tissues in
general is that the images obtained by micro-CT do not
exhibit sufficient absorption contrast [27]. One solution
to overcome this problem is to use synchrotron-based
phase-contrast imaging as demonstrated by Logghe et al.
[23]; however, access to this type of equipment is rare.
In this work, a conventional micro-CT equipment was
used in combination with a contrast agent binding with
some components of the tissue to increase their absorption.
Immediately after collection, the samples were immersed
in a diluted solution of sodium polytungstate (15 g/L)
and placed in the fridge during 24 hours at 4 °C. The
immersion time of the sample ensuring a full penetration of
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the contrast agent in the tissue was adjusted in a previous
study [18]. According to the same study, this contrast agent
allowed observing the elastin sheets of the medial layer
without significantly affecting the characterized mechanical
properties of the tissue. The interest in using sodium
polytungstate relies on the fact that there is no need of
dehydration of the sample during the staining process to
obtain sufficient contrast. Dehydration would affect the
structure of the sample and deteriorate the mechanical
properties.

Notch creation

In order to cause and observe a dissection propagating
within the field of view, a custom device was designed
to create a longitudinal notch inside the carotid artery

Fig.1 The custom-made device
to create the notch inside the
carotid artery with a schematic
of the cutting process

without opening it (Fig. 1). The system was composed of
a surgical scalpel blade of 8 mm length and 2 mm depth,
attached to a rod to be inserted in the artery, itself guided
vertically by linear ball bearings. To create the notch, the
controlled device was used to cut through the intima and
part of the media. The defect was created in the radial-
longitudinal plane and not in the radial-circumferential
plane due to technical difficulties. Although, intimal tears
in the transverse direction are reported to be more common
in the literature, the crack is seldom entirely in the
radial-circumferential plane and often has a longitudinal
component [12]. An optical coherence tomography (OCT)
image of the notched carotid artery is shown in Fig. 2.
This optical technique was used to adjust and assess the
notch depth in a preliminary study. To this aim, four carotid
arteries were harvested on pigs from the local butchery,
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Fig.2 OCT image of a flat-
opened carotid wall with a notch
created by the cutting device

3 specimens with a length of 1.75 mm were cut from
each carotid artery. A longitudinal notch was made in
each specimen with the machine. Finally, the samples were
opened and the 12 notches were observed and measured
using OCT, it showed that the notch depth had a value of
263 £+ 83 um (n = 12). Though these results present a
large variability, it must be noted that the exact notch depth
will be measured in the micro-CT images of the subsequent
tension-inflation test.

Tension-Inflation Device
Mechanical setup

A custom-made tension-inflation machine was designed to
fulfil the constraints of the experiments planned in the

Fig.3 (a) Photo and (b)
schematic of the custom-made
tension-inflation device inside
the micro-CT equipment

study (Fig. 3). The main constraint was to fit the machine
inside the micro CT equipment. To this aim the test was
performed in a 50 mm diameter cylindrical PMMA tube,
constituting the machine structure between both ends of the
sample, to not interfere with the X-rays passing through
and allow rotation of the whole machine. A motorized
worm gear was used to apply displacement to the lower
end of the sample with a maximum displacement of 50
mm and a maximum displacement rate of 1.25 mm/s.
Through the upper end, a peristaltic pump quasi-statically
infused a saline solution to increase the pressure inside
the sample. A load sensor (LCM201, OmegaTM , =300
N) and a pressure sensor (PXM319, OmegaTM 0-3.5 bar)
recorded the load and pressure all along the test. The device
was fixed on the micro-CT rotating platform by screws.
A custom-made program was developed to control the
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machine. Displacement- or load-controled and pressure- or
volume-controled test could be performed in order to test
a wide range of biaxial states. In the present study, the
experiments were driven in displacement and pressure. To
prevent dehydration of the sample during the test the tube
was filled with steam by a humidifier. Previous tests with
a humidity sensor (DHT22) showed that the atmosphere
inside the tube was saturated.

X-ray tomography setup

X-ray computed tomography is a non-destructive technique
that allows the 3D reconstruction of a sample. It is widely
used in both industrial and medical fields. The principle
is based on the attenuation of X-rays by matter and their
recording by an X-ray detector after going through the
sample. Several views are taken at different angles and
mathematical methods allow the 3D geometry and the
internal structure to be reconstructed. For more information
on X-ray tomography principle see Baruchel et al. [3].

In this study a Phoenix”™ VtomeX tomograph equipped
with a Varian”” Paxscan X-Ray detector was used,
featuring a resolution of 1920 x 1536 pixels. The X-ray
source was supplied with a voltage of 80 kV and a current
of 280 11A. The voxel size was 7 x 7 x 7 um?>. No physical
filters were used during the acquisition. Soft tissues are
not as stable as hard tissues during the mechanical test
with possible motion of the sample due to creep and stress
relaxation resulting in a blurry image. To avoid these effects,
a fast acquisition was needed and a compromise between
resolution and scan time was made. The projection number
was 800 and the total acquisition time was 266 seconds.

Protocol

After staining, the notched sample was ligatured to the
tension-inflation device. An initial high resolution scan
was performed in the unloaded configuration. Then, a
physiological stretch of A, = 1.5 was applied [31]. Once the
stretch was applied, another scan was performed, followed
by infusion at a rate of 0.026 mL/s. Pre-conditionning
was not performed as it could trigger the propagation. 3D
scans were acquired after reaching given pressure steps and
allowing a relaxation time (5 to 10 minutes to stabilize
the sample before imaging). The steps were set at 15, 80,
130, 315, 485, 620, 730 mmHg. At each pressure step
a relaxation of the carotid artery was observed. After 10
minutes, when the pressure was considered stable, the scan
was performed. The mean pressures present in the sample
during the scans are reported in Table 1.

Table 1 Pressure targeted during the inflation and the actual mean
pressure obtained after relaxation during the scan

Pressure target (mmHg) Scan pressure (mmHg)

15 10

80 59

130 103
320 301
485 436
620 590
730 687

Post-Processing
Measure of diameter and thickness

To measure the diameter of the vessel at the different
pressure steps, the inner contour of the arterial wall was
segmented, and an ellipse was fitted on it. The mean
between the major and the minor axes was taken as the
diameter of the lumen.

The medial thickness was measured manually at 10
random locations along the vessel. The adventitial thickness
could not be measured as the delimitation between the
adventitial layer and the connective tissue could not be
determined clearly with the current resolution.

Crack follow-up

A semi-automatic method was developed to segment
the notch on the X-ray images and, thus, follow its
evolution with the pressure increase. A median filter was
applied to reduce noise followed by a threshold applied
to differentiate the wall from the solution inside the
carotid artery. Different morphological operations were
performed to remove spurious islands and holes, and the
separation between the lumen and the notch was drawn
manually. Finally, the notch could be segmented and several
parameters were calculated like its width, depth, and
volume.

Wall integrity follow-up

To follow the possible propagation into a dissection,
which could be detected in the images, the histogram
of the gray values along the radial direction was plotted
at different locations in the cross-section corresponding
to the maximum notch depth (Fig. 4): one next to the
notch and ten far from it (in a region assumed to be
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Adventitia
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Fig. 4 Schematic representing a cross-section of the vessel with a
dissection at the tip of the notch. The different locations where the
histograms were plotted are shown with radial lines. The profiles are
represented in red for the one measured close to the notch and in yellow
for the ones measured far from it

perfectly non-damaged). To diminish the noise and avoid
wall heterogeneities, at each point on the radial profile the
value taken was the mean of the gray values of a square of
20 x 20 pixels. A decrease of the gray level at a given radial
location means that the notch propagated in the form of a
crack in the circumferential direction. This technique was
complementary with the segmentation presented above as
the algorithm had difficulty to segment micro-cracks.

10 mmHg

59 mmHg

Results

The reconstructed 3D images of the carotid artery showed
clearly the media and the notch. Nevertheless, the medial
lamellae could not be distinguished in all scans with the
current resolution. As stated in the “Sample Preparation”,
only sample 2 was quantitatively analyzed in the present
study. The results of the prematurely-dissected sample 1
are displayed at the end of this section. Concerning sample
2, the scan in the unloaded configuration showed that the
initial inner diameter and medial thickness of the specimen
were 4.4 mm and 1.1 mm respectively. Cross-sectional
views at the middle of the axially stretched sample are
shown in Fig. 5 at different pressures. The evolution of the
notch geometry is visible.

The notch was segmented at the different pressure steps
and different information were extracted and displayed in
Fig. 6. Figire 6a shows a 3D view of the segmented notch.
Figure 6b shows a view in the transverse plane at 30% of
the height of the notch. The crack follows the stretch of
the wall; however, no propagation could be observed on the
segmented images. The width and the depth of the notch
were plotted in Fig. 6¢c and in Fig. 6d respectively. The
decrease of notch height between 103 and 301 mmHg is
explained by the imprecision of the segmentation method
on the edges of the notch, especially at high pressures. The
segmentation was also challenging for the lowest pressure
as the notch was almost not visible because of the absence
of pressure. The blade is curved on its edges to avoid
stress concentration, explaining that the length of the notch
was smaller than the blade length. This sample had an
initial maximal notch depth of 182 pm, in the very low

103 mmHg 301 mmHg

436 mmHg

590 mmHg

Fig.5 Cross sectional views of the carotid speciment (sample 2) at a stretch of 1.5 and at the different pressure steps

SEM



Exp Mech (2021) 61:147-157

153

Fig.6 Evolution of the notch
morphology (sample 2). (a) A
3D view of the notch at the

different pressure steps. (b) LONG

Cross-section of the notch at (a) CIRC
30% of the height of the sample.
(c) The width of the notch. (d) RAD
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range of usual notch depth created with our setup, likely
explaining why complete dissection was not reached with
our pressurization setup.

Figure 7a presents the mean axial loading at each
pressure steps. Figure 7b, ¢ and d show the inner diameter,
the medial thickness, and the notch volume respectively.
The latter markedly increased for low pressures and became
relatively constant after, similarly to the inner diameter, and
inversely to the medial thickness. It is interesting to note
that the maximum variation of the lumen diameter along the
vessel for all pressure steps was equal to 50 pum.

On the graph Fig. 8, the arrow shows the presence of a
micro-crack in the circumferential direction near the notch.
This crack appeared on the images at 301 mmHg and
continued to be visible for higher pressures.

A cross section view of the prematurely-dissected sample
1 is shown in Fig. 9. The initial inner diameter and
the medial thickness of the specimen were 4.2 mm and
1.1 mm respectively. During the test, the media ruptured
entirely; however, the adventitia was unruptured. The notch
propagated on more than half the circumference of the

artery and a considerable circumferential elastic recoil of
the media was observed. The arrows highlight the presence
of delamination planes at the rupture site.

Discussion

This paper presented a novel experimental approach to study
the mechanical events involved in the propagation of arterial
dissection. In situ testing combining tension-inflation test
with micro-CT allowed observing the internal structure of
notched carotid arteries as an in vitro model of dissection.
In the present context, the main advantage of this imaging
technique is to offer a suitable resolution/field of view
compromise to enable both a global observation of the
damage site (here, the notch) and lamellar-scale details such
as intramural dissection planes which were evidence here
around the notch. The deformation of the notch volume with
the pressure followed the deformation of the wall. This is
shown by the similar shape of the pressure-diameter curve
(Fig. 7b) and the pressure-notch volume curve (Fig. 7d).

SEM
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This can also be seen by the evolution of the notch shape
Fig. 6b where the notch flattened and became relatively
stable after 301 mmHg. The absence of propagation of the
notch is rather clear in one of our experiment. This could be
explained by the lack of medial degeneration in the sample,

Radial gray profile

eod T Far from the tear
1 +25SD
= = Near the tear
140 A
O 120 -
=)
[0
> 100 |
>
[0}
—
(G} 80 A
60 -
40 A
Intimal side Adventitial side
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Distance (mm)

Fig. 8 Radial gray values profile at 301 mmHg in the cross-section
corresponding to the maximum notch depth at different locations of
the arterial wall (sample 2). The thick dash curve corresponds to
the measure close to the notch. The thick solid curve characterizes
the mean of the profiles measured far from the notch. The curves
representing the mean =+ 2 standard deviations (SD) were also plotted.
The arrow shows a decrease in gray values close to the notch compared
to the normal profile in the healthy part of the sample, demonstrating
the presence of early crack propagation

SEM

Pressure (mmHg)

which is usually considered as one of the main causes
of aortic dissection. Nevertheless, aortic dissection can be
triggered by a supra-physiological blood pressure (during
weighlifting for instance [35]), meaning that maximum

Adventitia

Fig.9 Cross-section of the dissected specimen (sample 1). The arrows
indicate delamination planes
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pressure may play a role in aortic dissection. Concerning
the axial load, multiple factors could explain the decrease
observed in Fig. 7a, for instance the axial pre-stretch being
slightly lower than the actual in vivo stretch [2, 21]. The
inner diameter measured during the experiment is consistent
with the results found in the literature from tension-inflation
test on healthy carotid arteries [4, 45]. In our experiment,
the notch did not seem to affect the diameter as there were
almost no variations in the inner diameter along the vessel,
however, the depth of the notch was limited, which could
explain this result.

During the inflation of the carotid artery, at the tip of the
notch, a high tension stress is present in the remaining intact
medial lamellae, and hence a high shear stress between
intact and ruptured lamellae. The propagation of the notch
in the circumferential direction, observed in Fig. 8, can
be hypothesized to be a consequence of this local stress
state, indicating the importance of shear delamination in
dissection propagation. The same observation was made
by Haslach et al. [17], where bovine aortic rings with a
longitudinal notch on the intimal side were inflated until
failure. The propagation of the crack occurred nearly in
the tangential plane and the authors concluded that it was
a consequence of the shear deformation present inside the
wall during inflation. This conclusion is supported by the
study of Witzenburg et al. [48] which demonstrated the
very low interlamellar strength of arterial tissue, especially
against shear stress. Other studies used uni-axial test to
highlight the importance of shear delamination stress in
the failure process [18, 34]. Using histology, these studies
observed delamination planes at the rupture zone, similarly
to the observation made in Fig. 9. This confirms the
presence of shearing mechanisms during the propagation
of the dissection in the tension-inflation test. Helfenstein-
Didier et al. [18] also identified a pattern of rupture during
uniaxial tension tests on medial samples. The results showed
that an elementary rupture sequence repeated until complete
failure: a bunch of musculo-elastic units breaks in tension
(mode I), followed by a delamination (mode II) of this
layer from the wall. Based on these observations, [6]
showed that shear delamination strength is most likely the
predominant factor in the initiation of dissection. The Fig. 9
seems to exhibit a similar failure sequence, the presence of
multiple delamination planes indicates that several bunches
of musculo-elastic units broke and started to delaminate
from the arterial wall. At one point, the delamination
shear stress between lamellae created by this mechanical
state overcame the interlamellar strength and the crack
propagated in the tangential plane in mode II delamination.
Nevertheless, the second test did not reach failure due to low
notch depth and could not confirm these observations; thus,
further tests are needed.

The majority of aortic dissections involve more than half
of the circumference of the aorta [40]. The same phe-
nomenon was observed on the X-ray images of the present
study (Fig. 9), confirming that the in vitro dissection
obtained during the experiment is similar to those seen in
clinic. Furthermore, the dissection propagated up to the
boundary between media and adventitia, as described in
experimental studies where the dissection is shown to prop-
agate in the outer media [1, 28]. The fact that the adventitia
was unruptured illustrates its protective role for the artery.
Holzapfel et al [20] showed that the residual stress present in
the arterial wall is layer-dependent and that the media, once
separated from the other layers, shortens significantly. Thus,
the elastic recoil of the medial layer observed in this sam-
ple is explained by the release of its tension stress initially
present when the carotid artery was intact.

This work demonstrated the feasibility and relevance
of the proposed experimental approach; however, the
following limitations should be mentioned. First, in clinics
most of the intimal tears encounter are in the transverse
plane. The notch in the present study was made longitudinal
as it simplified the identification of the fracture modes
involved in the propagation of the dissection. In future
work, we could perform this test with a transverse intimal
notch to compare the influence of the notch direction
on the propagation, or absence of propagation, of the
defect. Another limitation is that the separation between the
adventitia and the connective tissue during the preparation
of the sample is complicated as there is a continuity between
the two in this type of tissue. Further analysis could address
the question of preferred propagation direction or fracture
modes involved. Other interesting perspective might be to
apply volume correlation analysis to quantify the strain
of the arterial wall at different steps of the dissection;
thus, these data could be used to validate complex model
involving damage and rupture.

Conclusion

In conclusion, an experimental approach was presented to
create an in vitro dissection model and observe it with
micro-CT. This experimental approach allowed following
the deformation of a notch and investigating the early stages
of dissection propagation. The micro-CT images highlight
the importance of shear delamination strengh during the
propagation of the dissection. In situ testing associated with
X-ray microtomography is a promising way to assess the
mechanisms leading to rupture in biological tissue.
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