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Abstract

Aortic dissection is a complex, intramural, and dynamic condition involving multiple mechanisms,
hence, difficult to observe. In the present study, a controlled in vitro aortic dissection was performed
using tension-inflation tests on notched rabbit aortic segments. The mechanical test was combined with
conventional (¢cCT) and synchrotron (sCT) computed tomography for in situ imaging of the macro- and
micro-structural morphological changes of the aortic wall during dissection. We demonstrate that the
morphology of the notch and the aorta can be quantified in situ at different steps of the aortic dissection,
and that the notch geometry correlates with the critical pressure. The phenomena prior to propagation
of the notch are also described, for instance the presence of a bulge at the tip of the notch is identified,
deforming the remaining wall. Finally, our method allows us to visualize for the first time the propagation

of an aortic dissection in real-time with a resolution that has never previously been reached.
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1 Introduction

Aortic dissection is the most common catastrophic event affecting the aorta, with an incidence of 35 cases
per 100,000 people per year in people aged 65-75 years [1]. This condition is characterized by a tear in the
innermost layer of the aortic wall, allowing blood to flow between the layers of the aorta and creating a
false lumen. The dissection can propagate either in the antegrade or retrograde direction from a pre-existing
defect in the medial section of the arterial wall. Most of the time, the resulting intimal tear forms in the
circumferential direction (> 80%) [2] and propagates in the outer third media [3]. The pathogenesis of aortic
dissection is believed to involve medial degeneration combined with mechanical fatigue [4]. Elastic fiber
degeneration leading to loss of fiber integrity [5-7], as well as loss of functional smooth muscle cells [8,9] were
observed in patients and animal models with a dissected aorta. However, these observations were the result
of post-mortem analysis and the exact causes leading to the formation of a tear and its propagation are not
completely identified.

In contrast, the propagation of a tear is a purely dynamic process that can be modeled experimentally by
reproducing the dissection event in a controlled manner. As a result, several mechanical tests were used to
quantify the dissection properties of the aorta, including radial testing [10], peeling testing [10, 11], shear
testing [12], and liquid infusion testing [13,14]. However, these mechanical tests are considerably different
from in vivo conditions thus preventing definitive conclusions for an accurate mechanical description of the
dissection. Furthermore, no satisfactory in situ visualization of an in vivo or in vitro aortic dissection was
performed during the failure event. Only images of already dissected aortas can be found in literature.
As a consequence, the morphological changes of the macro- and micro-structure of the aortic wall during
the initiation and propagation of a dissection remain poorly understood. It should be emphasized that
microstructure (e.g. lamellae architecture) plays a crucial role during aortic dissection. A method observing
the in situ initiation and propagation of an aortic dissection in order to quantify geometrical changes and
fracture modes is required.

The main challenges preventing in situ observation of this condition are that the failure process is intramural,
acute [4,15], and difficult to reproduce experimentally. Although there has been tremendous progress made
in the imaging techniques of biological tissues, most of them remain limited by either resolution or field of
view for the visualization of aortic dissection [16]. For instance, confocal microscopy and optical coherence
tomography could assess the 3D strain field of the aortic microstructure; however, these imaging approaches
can only be applied to a very restricted depth due to the opacity of the tissue, preventing a global observation
of the aorta [17-19]. The same limitation concerning the field of view applies to electron microscopy [17] and

multiphoton microscopy [20,21]. On the other hand, magnetic resonance imaging provides a sufficient field



of view to visualize the entire aorta but is limited in terms of spatial and temporal resolution [22]. High-
resolution ultrasound imaging is also restricted by its spatial resolution, which prevents the direct observation
of the microstructural components in the aortic wall. [22].

X-ray computed tomography is a non-destructive approach, allowing observations of the aortic microstructure
with high resolution and a field of view larger than the aortic diameter. This imaging technique has previously
been used to visualize in situ uniaxial tension tests [23] and tension-inflation tests [24] with a voxel size between
4 and 7 pm. In addition, synchrotron X-ray computed tomography can achieve an even higher spatial and
temporal resolution for an equivalent field of view, allowing the global structure and microstructure of the
aorta to be observed simultaneously. This was demonstrated by Trachet et al. [25], where the authors inflated
mice aortas and used in situ sCT to quantify the morphology of the medial lamellae at different pressures.
However, this study remained at physiological pressure and did not investigate failure. Logghe et al. [26]
observed aortic dissection evolution using sCT in genetically-modified mouse models at multiple stages of the
disease, but this method does not enable the observation of the dissection propagation.

In the present study, a tension-inflation test was performed on notched rabbit aortas in order to create an in
vitro dissection. During this mechanical test, the 3D microstructure of the aortic specimens was visualized
in situ using conventional and synchrotron X-ray tomography. The objective was to observe and quantify
the evolution of the aortic and notch morphology during the dissection process in order to provide a better

understanding of the phenomena behind the initiation and propagation of aortic dissection.

2 Materials and methods

2.1 Sample preparation

Female 11 19-week-old New Zealand white rabbits were sacrificed by carbon dioxide inhalation following the
EU Directive 2010/63/EU for animal experiments. The descending aorta from the left subclavian artery to
the diaphragm was carefully excised just after death. Rabbits were chosen over mice or rats due to their
better resemblance to humans in terms of aortic microstructure [27,28]. In addition, the size of the rabbit
aorta provides a very good trade-off between resolution and field of view with X-ray microtomography. The
typical length of the samples was 50 mm. The branches were sutured with silk wire with the help of a
dissecting scope. During this process, the aortas were immersed in phosphate-buffered saline (PBS) to avoid
tissue dehydration. The samples were subsequently frozen at -20°C for future use. The 6 samples observed
with ¢CT were immersed for 12 hours in a diluted solution of sodium polytungstate (15 g/L) at 4 °C to

ensure a good contrast on the X-ray tomography images [23|. No contrast agent was used for sCT.



The day of the test, after defrosting at room temperature, the aorta was turned inside out and a notch was
created on the intimal side of the specimen, on the opposite side of the intercostal branches, with a micro
dissecting knife, in order to model a pre-existing defect within the intimal and medial layers. The term
“notch” will then specifically refer to this artificial initial defect, in contrast to the term “tear”, referring to
the entry site post-dissection. The notches were made by the same operator for better consistency. They
were cut in two orientations: circumferential (n=9) and longitudinal (n=2). Each end of the sample was

then attached to hydraulic connectors using silk wire and mounted on the tension-inflation device.
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Figure 1: In situ tension-inflation test on notched rabbit aorta. (a), Experimental set-up on the
beamline sample stage at the biomedical beamline ID17 of the European Synchrotron Radiation Facility
(ESRF). (b), Schematic of the in situ tension-inflation setup with the notched rabbit aorta and all the main
components of the custom-made device, including the syringe pump to inflate the sample and the screw-nut
system to apply the axial pre-stretch. A is the stretch applied to the aorta. (c), High-resolution sCT cross-
sections of a rabbit aortic specimen at 0, 100, 200, 300 mmHg and after dissection with an isotropic voxel
size of 3.02 pm. The circumferential notch is highlighted in red. The sCT images obtained during the aorta
inflation at different pressure steps and after dissection are presented in Supplementary Video 1.

2.2 Custom-made tension-inflation device

Our custom-made in situ tension-inflation rig (Figure la,b) was designed to be compatible with both ¢CT
and sCT setups. The specimen was enclosed in a 50 mm diameter cylindrical PMMA tube, which only

slighlty absorbs X-rays. Sample dehydration was prevented by saturating the tube chamber with mist using



a humidifier prior to the mechanical test. A rotating motor coupled with a screw/nut system ensured the
stretch of the specimen with a maximum displacement of 50 mm and a maximum displacement rate of 1.25
mm/s. A syringe pump infused PBS into the aorta to increase the pressure at a quasi-static flow rate of 5
ml/min. A load sensor (LCM201, Omega™, 300 N) and a pressure sensor (PXM319, Omega™, 0 - 3.5 bar)
recorded the pressure and the axial load during the mechanical test. Custom-made software was created
to control the device. A proportional-integral-derivative controller (PID controller) was integrated into the
control software in order to maintain a constant pressure during the X-ray scan, thus minimizing viscoelastic

effects or compensating possible leaks.

2.3 Conventional X-ray micro-tomography

N=4 samples with a circumferential notch and n=2 samples with a longitudinal notch were visualized with
cCT. We used a Phoenix™™ VtomeX tomograph, described in Buffiere et al. [29], equipped with a Varian?™
Paxscan X-Ray detector of size 1920 x 1536 pixels. The X-ray tomography setup was powered at a voltage of
80 kV and a current of 370 pA. The total acquisition time was 180 seconds and the number of projections was

900. The voxel size was 7 x 7 x 7 pm?® and the field of view was 10.5 x 10.5 x 8.75 mm?. The reconstruction

was performed using a filtered back-projection algorithm.

2.4 Synchrotron X-ray micro-tomography

N=5 samples with a circumferential notch were visualized with sCT. The experiments were performed at the
biomedical beamline ID17 of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.
Ultra-high-resolution imaging was achieved by using phase-contrast X-ray imaging with a quasi-parallel
laminar monochromatic 40-keV X-ray beam and a single propagation distance of 2 m. No contrast agent was
used. The imaging detector was a PCO.edge 5.5 sCMOS camera (Kelheim, Germany) coupled to a 250 pm
thick LuAG:Ce scintillator. The number of projections and the acquisition time for a scan were 4000 and
240 seconds, respectively. The field of view was increased by performing the scans in half-acquisition mode,
with the center of rotation on the left side of the projections. The voxel size and the field of view were 3.02
x 3.02 x 3.02 pm? and 15.3 x 15.3 x 6.5 mm?, respectively. The scan of the sample in the dissected state was
performed in three steps to increase the axial field of view to 15.3 x 15.3 x 15 mm?®. The reconstruction was
performed using a filtered back-projection algorithm, coupled with single-distance phase retrieval [30] and a

2D unsharp mask.



2.5 Protocol

Once the sample was attached to the device, two radiographic images of the sample in the unloaded con-
figuration were taken at 0 and 90 degrees to measure the initial diameter of the sample. Then, an axial
pre-stretch of 1.5 was applied to the specimen to reproduce the physiological state. This value was quantified
with previous experiments so that the axial load at physiological pressure was null. The axial pre-stretch
was kept constant throughout the rest of the experiment. Subsequently, 3D scans were taken at a pressure
of 0, 100, 200, and 300 mmHg. The pressure was held for 5 min before the scan in order to compensate
creep effects. Then, the pressure was increased until dissection while observing the specimen with radio-
graphic images at a frame rate of 5 images per second for conventional imaging and 50 images per second for

synchrotron imaging. A final scan was performed after dissection of the sample at 0 mmHg.

2.6 Histology

After the in situ tension-inflation test, aortic specimens were fixed in Ethanol 80% at 4°C and routinely
processed for paraffin embedding and cross-sectioned to obtain 5 nm-thick sections (Microtome Leica RM2245,
Feather Microtome blade N35HR). Before use, sections were deparaffinized, rehydrated and processed for
histochemical staining. The slides were incubated with a 1% Sirius Red solution dissolved in aqueous saturated
picric acid for 30 minutes, washed in acidified water (0.5% hydrogen chloride), dehydrated and mounted with

Entellan® medium. Collagen type I and III were red stained.

2.7 Data processing

The morphology of the notch was quantified with three metrics: the notch depth, the notch width (measured
by the angle of the notch in the circumferential direction), and the dissection length (measured in the
longitudinal direction). The notch depth was normalized with the medial thickness to allow a comparison
between specimens and to take into account the decrease in aortic thickness during inflation: the value ranges
between 0 (intimal side) and 100 (adventitial side). The different measurements were taken manually with
the software imageJ [31,32]. The mean of at least three measures was taken as the final value to avoid local
effects. Diameter measurements were taken far from the notch for the same reason. The segmentation of the
aorta and the 3D representation were performed using 3D Slicer [33]. ParaView software [34] was used for

3D display.



2.8 Stretch-stress calculations

The circumferential stretch of the aortic wall Ay was calculated by
'm
A = — ].
0 7"971 ) ( )
where r,, is the current midwall radius of the aorta and r?, is the initial midwall radius at 0 mmHg of pressure.

The aortic wall was assumed thin (diameter/thickness > 20). As a consequence, the circumferential Cauchy

stress oy was calculated by

Tm P
op = h B (2)

where P is the internal pressure and h is the current wall thickness. Note that this represents a wall-averaged
stress as no distinction was made between the different layers of the artery. A paired Student’s t-test was

performed to assess the difference between the aortic thickness before and after propagation of the dissection.

2.9 Statistical Analysis

A Student’s t-test was performed to assess the linear correlation between the critical pressure and the notch
depth, the notch width, and the dissection length. A paired t-test was used to evaluate the significance of

the difference between the thickness of the aortic wall before and after dissection.

3 Results

3.1 cCT and sCT imaging of inflated notched rabbit aortic segments

The tension-inflation test was performed using our custom-made device (Figure 1a) inside the ¢cCT and sCT
setups. The cCT combined with the contrast agent provides images with sufficient contrast to distinguish the
media, adventitia and connective tissue. A contrast agent was not required for sCT as the spatial coherence
of the beam provides sufficient propagation-based phase contrast to visualize the medial lamellae and intima
in addition to the media, adventitia and connective tissue. The acquisition time was kept as low as possible
(180 to 240 seconds) to avoid possible sample motion. The field of view was sufficient to observe the entire
circumference of the aorta, even at high pressure. By satisfying the trade-off between spatial resolution, field
of view, and acquisition time, our methodology enabled the observation of the complete aortic dissection
sequence with an unprecedented resolution (Figure 1c and Supplementary Video 1). Images acquired by ¢cCT

are presented in Supplementary Figures S1 and S2.



3.2 Critical pressure and dissection analysis

The notch propagated in all the aortic specimens (n=11) for critical pressures ranging from 226 to 902
mmHg. Conventional computed tomography was used to visualize n=4 circumferentially-notched samples
and n=2 longitudinally-notched samples, whereas n=>5 circumferentially-notched samples were observed with
sCT. Local propagation of the crack was visualized at different stages of the inflation; however, the critical
pressure was taken as the pressure at which the notch propagates throughout the segment. The mean critical
pressure was 595 £ 189 mmHg (Mean £ SD, n=9) and 685 + 88 mmHg (n=2) for the notch in the
circumferential and longitudinal direction, respectively. Three samples dissected before 300 mmHg. In most
specimens, the external wall of the false lumen ruptured after dissection, resulting in vessel failure. The
same phenomenon is observed clinically as the rupture mostly appears in the false channel due to the small
thickness of the outer wall [2,35]. Interestingly, samples dissected before 300 mmHg did not exhibit rupture
of the false lumen and were able to maintain 300 mmHg pressure and above, as shown in Figure 6.

Figure 2 shows a 3D view with three cross-sections of a representative dissected specimen. The flap resulting
from the dissection of the sample is clearly visible. It should be noted that the sCT images, such as cross-
sections in Figure 2b, are similar to those that may be observed clinically, thus validating our methodology
for visualizing aortic dissection. The exact dissection length could not be assessed due to the limited field
of view of the cCT and sCT in the longitudinal direction. In the distal direction, the notches propagated
outside the field of view for all samples. However, from visual observation, the dissection extended from the
notch to the distal part of the descending aorta sutured to the hydraulic connector. In the proximal direction,
the dissection extended out of the field of view for n=>5 samples and only over a few millimeters for n=6
specimens. No re-entry tear was identified.

A comparison of sCT and histology images of a dissected descending aorta is presented in Figure 3. The
lamellae observed with sCT correspond to the structure observed in histological images, demonstrating that
sCT can be used as a virtual histology tool to study aortic dissection. In the present study, the dissection
almost always involved half to three quarters of the aortic circumference. During dissection, delamination
occured between medial lamellae, however they rarely fractured. The sCT images revealed, and the histology
confirmed, that the dissection spreads over approximately three to four medial lamellae, corresponding to
16-21% of the thickness of the aortic wall (Figure 3). An example of a specimen with a longitudinal notch is

presented in Supplementary Figure S2.



Connective tissue
Adventitia

Figure 2: Three-dimensional segmentation of a representative specimen with a circumferential
notch after aortic dissection. (a), 3D view of the specimen at 0 mmHg with the initial notch visible. (b),
3D view of the dissected sample at 0 mmHg. Three cross-sections are displayed at different locations along
the longitudinal axis. The dissected flap is represented in yellow.
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b sCT ¢ Histology

Figure 3: Comparison of sCT and histology images of a dissected descending aorta. The specimen
was imaged after complete dissection, at a pressure of 0 mmHg. The critical pressure was 251 mmHg. (a),
3D view of the dissected aorta. (b), Cross-section with the dissected flap shown with a white arrow. TL:
True lumen; FL: False lumen. (c), Histology section in approximately the same location as b. The differences
in morphology are due to the transportation and histological preparation. Sirius red staining, 5 pm-thick
sections. Original magnification 4 x. (d), Cross-section showing the intimal tear.

3.3 Quantification of the morphology of the notch during inflation and correla-

tion with the critical pressure

The evolution of the notch morphology is presented in Figure 4a,b,c. The length, width, and depth of the
notch at 0 mmHg, after application of the pre-stretch, were 2.05 £ 1.75 mm, 113.5 + 63.3°, 59.85 + 18.52
% (Mean £+ SD, n=11), respectively. The notch dimensions remain mostly constant during the inflation of
the aortic samples. These observations confirmed that the morphology of the notch follows the geometry of
the aortic wall as observed in Brunet et al. [24]. The critical pressure as a function of the notch depth, the
dissection length, and the notch width are presented in Figure 4d,e,f. The critical pressure was significantly
correlated with the notch depth and dissection length (p<0.05), but not with notch width; the 2 were 0.82,
0.38 and 0.29, respectively. These linear relations should be interpreted with caution as they were calculated

with only 11 points (9 points for the circumferential notch and 2 points for the longitudinal notch).
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Figure 4: Quantification of the morphology of the notch and correlations with critical pressure.
(a), cross-section of the aorta with indications on how the notch depth and notch width were calculated. (b),
3D schematics showing the orientation of (a) and (c). (c), longitudinal view of the aorta with the notch and
indication on how is calculated the dissection length. (d) The notch depth, (e) the notch width, and (f) the
notch length were plotted as a function of the pressure for each sample. Samples with a circumferential and
longitudinal notch were differentiated. The critical pressures required to propagate the circumferential and
longitudinal notches were plotted as a function of (g) the notch depth measured at 0 mmHg, and (h) the
dissection length measured at 0 mmHg, and (i) the notch width measured at 0 mmHg. The notch depth was
normalized with the medial thickness to obtain a percentage, a value of 0 corresponds to the medial side,
whereas a value of 100 indicates a notch cutting the entire aortic wall from the intimal to the adventitial
side. The lines represent the correlation found between the two variables. The 12 of (g), (h), and (i) were
0.82, 0.38 and 0.29 respectively. Only the correlations critical pressure - notch depth and critical pressure -
dissection length were found to be significant (p < 0.05).
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3.4 Quantification of the morphology of the aorta during inflation

The inner diameter of the specimen before applying the pre-stretch was 4.21+ 0.48 mm (n=11). Manual
measurements of diameters and thicknesses revealed a marked increase in the inner and outer diameter
before reaching a plateau around 100 mmHg, while medial and adventitial thicknesses decreased with pressure
(Figure 5). Furthermore, the thickness before and after propagation of the notch (at 0 mmHg) were compared
with a paired t-test and it appears that the thickness after dissection is significantly lower (p < 0.001),
indicating inelastic effects. The thickness was measured far from the failed part of the aorta to avoid local
effect induced by the dissection. No statistical differences were found between the measurements on the cCT
and sCT images. The number of medial lamellae measured on the sCT scans was in a range of 17 to 22.
These measurements are similar to the values found by Wolinsky and Glagov on rabbits [27]. The mean
circumferential Cauchy stress in the aortic specimens is plotted as a function of the pressure and stretch in
Figure bd,e.

As observed and quantified by Holzapfel et al. [36] a complex 3D residual stress is present in the unloaded
arterial segment. As a consequence, the intimal flap shortens or extends once separated from the outer wall
due to the release of residual stresses [37]. Two opposed mechanisms were observed: if the thickness of the
flap is large (i.e. > 50% of the wall thickness), it shrinks by 5.3 — 26.1% once separated from the outer wall.
Conversely, if the thickness of the flap is low (i.e. < 50% of the wall thickness), it extends from 3.8% to 13.6%
once separated from the outer wall. This phenomenon was confirmed by histology. This caused a partial

collapse of the flap and in some cases, a complete obstruction of the true lumen.
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Figure 5: Quantification of the morphology of the aortic wall. (a), Cross-section of an aortic sample
scanned by sCT, with a detail on the different architectural layers in the wall. (b) Inner and outer diameter
of the aortic wall (mean values and standard deviations) as a function of the pressure. (c), Evolution of the
intimal-medial and adventitial thicknesses (mean values and standard deviations) at each pressure steps and
after propagation of the notch. The thicknesses were measured far from the notch. The thickness of the
aortic wall was found to be significantly (p < 0.001) different after dissection compared to before. (d), (e),
The circumferential Cauchy stress as a function of the pressure and the stretch.
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3.5 Initiation mechanisms behind dissection

A front view with a focus on the notch area at different pressures and after propagation of the notch is
presented in Figure 6b. A dissection propagated a first time at 251 mmHg, and a second time at 395 mmHg
(Figure 6¢), the first dissection only being detected during the post-processing of the data and was taken
as the critical pressure. Figure 6b shows that the circumferential notch changed direction at 100 mmHg
and initiated the dissection between the medial lamellae in the longitudinal direction. The dissection was
extended longitudinally at 200 mmHg and propagated at 251 mmHg to the distal portion of the sample.
Another example imaged by ¢CT may be observed in Supplementary Figure S1b.

In addition, it was observed at the notch site that the pressure was deforming the aortic wall, creating a
bulge shape before and after propagation of the dissection. This bulge can be observed before dissection in
Figure 6b where the aortic wall is straight at 0 mmHg and curved at 200 mmHg. It can also be observed on
dissected specimens, for instance in Figure 3d or in Supplementary Figure Sla, in the middle cross-section.
This mechanism is associated with a reduced radius of curvature of the undissected part of the wall around

the notch site.

15



Dissected
A

3pIS [ENHUIAPY

Intimal side

0

Figure 6: Follow-up of a notched specimen at different pressure steps until dissection with ultra-
high-resolution sCT. (a), Rabbit descending aorta with a circumferential notch, sutured to the hydraulic
connectors, during pressurization, in the transparent tube. The top of the specimen is the proximal side of
the descending aorta. (b), Front view of the aortic wall with a focus on the notch at different pressures and
after propagation of the dissection along the aorta. The intimal side is on the left whereas the adventitial side
is on the right. The upper part is the proximal side while the lower part is the distal side. (c), The different
steps of pressure applied to the sample. As shown in (b), the notch propagated distally at 251 mmHg and
proximally at 395 mmHg. The first dissection was only detected during the post-processing of the data. (d),
Cross-section of the sample at 0 mmHg after dissection with the intimal flap dissected from the outer wall.

3.6 Real-time visualization of the dissection propagation

The dissection of the aortic segments was captured in real-time with conventional radiography and syn-
chrotron radiography. A video of a complete dissection in real-time is presented in Supplementary Materials
(Supplementary Video 2). The dissection of the specimens which propagated before 300 mmHg could not be
captured. Furthermore, the samples with a longitudinal notch were not visualized with radiographic images
as the notch orientation hindered the observation with this type of technique. An example of the follow-up
in real-time of a dissection is presented in Figure 7a at different time steps. In this study, the complete

propagation of the notch along the aorta occurred in 10.3 + 2.5 s (n=6). As presented in Figure 7, three

16



stages could be observed: (1) The notch followed the deformation of the aortic wall but the dissection was
not yet initiated, (2) after the initiation of the dissection, the notch propagated at a slow rate. The average
dissection rate during this step was 0.23 £ 0.04 mm/s (n=6). In the last step (3), the sample dissected
entirely quasi-instantaneously (in 2-5s) and a rupture of the false lumen caused the pressure to drop. The
dissection rate could not be calculated during this step because the frame rate and the field of view were not

sufficient to capture the propagation.
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Figure 7: Real-time visualization of the propagation of the dissection in the aortic wall. (a),
2D radiographic front view of the dissection propagation along the aorta at different time steps. To begin
with, the notch propagated toward the proximal side of the sample on few millimeters (3.9 mm), at the
same time, the specimen was delaminated entirely from the notch to the connector in the distal direction.
The complete video of the dissection is available in Supplementary Materials (Supplementary Video 2). (b),
Close-up of the notch before propagation. (c), Dissection length as a function of the time for all samples
with a circumferential notch (except for specimens that have dissected before 300 mmHg). The black curve
corresponds to the sample presented in (a). Three steps were observed: (1) the notch was deformed with
the aortic wall but the dissection was not yet initiated, (2) a local propagation of the dissection started at a
slow rate, (3) before propagating almost instantaneously to the entire sample. The measurements were taken
manually and stopped when the dissection extended outside the field of view.
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4 Discussion

In this study, an in situ tension-inflation test was performed on notched rabbit aortic segments until dissection
of the sample. The mechanical test was imaged with cCT and sCT at different steps of pressure and in real-
time to observe the evolution of the notch morphology, the aortic geometry, and their influence on critical
pressure, initiation, and propagation of the dissection. To the authors’ knowledge, this is the first study to
observe the complete aortic dissection process with the entire 3D aortic geometry and a resolution allowing
quantification of microstructural metrics. It is also the first time that an aortic dissection is observed in
real-time. Our methodology bridges the gap between mechanics of the aorta at a global and micro scale

allowing the microstructural changes underlying the dissection process to be investigated.

4.1 Comparison with other experimental dissection models

The peak pressures required to propagate a notch were mostly non-physiological, and a deep and wide
notch was necessary to reach dissection of the vessel within a physiological blood pressure range. This
confirms the presence of a medial degeneration prior to the development of an aortic dissection as observed in
literature [5,38]. The values of critical pressures found in this study are coherent with literature [13,38-40].
The negative correlation between the notch depth and critical pressure observed in this study is also in
agreement with the literature [14,41]. Peelukhana et al. [41] used a pulse duplication device to study the
effect of different geometric parameters on aortic dissection propagation in porcine aortas with a single-entry
tear, demonstrating that a deeper notch is more likely to propagate than a shallow notch for the same

pressure. However, further comparison seems difficult as the tissues and methods are different.

4.2 Aortic dissection sequence

The aortic dissection can be divided into three stages: (i) a pre-existing defect (the notch here) initiates the
propagation in the radial direction of the aortic wall up to the outer half of the media [15,42,43], while the
blood pressure deforms the notch and the aortic wall, (ii) the crack shifts in direction towards an interlamellar
propagation in the media (circumferential-longitudinal plane) due to the high shear stress at the tip of the
notch and to the low failure strength between the lamellae compared to other directions [44], and finally
(iii) the blood penetrates through the crack between the lamellae and delaminates the aorta. These different

steps are presented in Figure 8. In this study, we investigated steps (ii) and (iii).
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4.3 Creation of the initial defect

In the scientific community, the initial weak spot in the media (step (i)) is considered to be the consequence
of a medial degeneration, due to aging or an inherited connective tissue disorder [4]. This phenomenon would
be difficult to model experimentally, hence the manual creation of a notch in the present study to initiate
the dissection. In some patients, only step (i) and eventually step (ii) is achieved, with the crack never

propagating, thus forming an abortive, discrete dissection, also called incomplete dissection [45-48].

Step (i)a Step (i)b Step (ii) Step (iii)

Figure 8: Schematic describing the steps of aortic dissection as observed in these experiments.
(i)a an initial notch propagates to the outer media, while (i)b the blood pressure deforms the notch and the
aortic wall, creating a bulge, (ii) the crack changes of direction due to the laminated structure of the medial
layer and the high shear stress at the tip of the notch, and (iii) the blood enters between the lamellae and
pushes them apart. The arrow shows the direction of the blood flow.

4.4 Shift of the crack towards interlamellar propagation

The change of direction of the crack to an interlamellar propagation (step (ii)) is due to a combination of
factors: the low interlamellar cohesion compared to the translamellar strength of the aortic wall being one of
them. [44,49].

The shear stress imposed on the aortic wall is also increasingly believed by the research community to play a
key role in the initiation of the dissection [12,50-53]. The cross-section of the notch in Figure 6 showing an
open crack indicates the presence of shear stress at the tip of the notch due to the axial physiological stretch
and the fluid pressure applied on the wall. In the literature, some studies have investigated this mechanism by
inflating notched bovine aortic rings [51] or by using lap-shear testing on notched sheep aortic samples [52];
nevertheless, these experiments were far from in vivo condition and only the propagation of a longitudinal

notch was investigated, whereas 80 % to 95 % of clinically observed intimal tears are circumferential [2,54,55].
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Another consequence of the fluid pressure is the deformation of the adventitia and remaining media, forming
an eccentric bulge at the tip of the notch as shown in Figure 6b, S1b, and 7. This change in the aortic
morphology is often observed in clinics on patient with discrete aortic dissection [46,56,57]. The negative
correlation of the notch depth with the critical pressure (Figure 4) is also confirmed by clinical observations

where most dissections propagate into the outer half of the aortic wall [15,42,43,55].

4.5 Delamination of the aorta

Finally, in step (iii), once the interlamellar propagation of the notch begins, the blood enters between the
lamellae, presumably adding crack opening stress (stress at which the crack surfaces open) in addition to
the shear stress (Figure 8). According to the real-time visualization (Figure 7 and Supplementary Video
2), the dissection occurred in about 10 seconds from initiation to complete propagation. This is consistent
with clinical observations which stated that aortic dissection occurs in only a few seconds [15]. It is likely
that the mechanisms involved during this step are similar to those observed in intramural liquid infusion [14]
or peeling testing [10], i.e. predominantly tension fracture. The finding that aortic dissection propagates
along the aorta in the longitudinal direction, mostly involving about half the circumference of the aorta
is also consistent with clinical observations [43,45,58]. In addition, the release of residual stress and the
elastic recoil of the detached flap leads to a collapse of the flap and increases the stress concentration at the
crack front. These mechanisms create a chain reaction that propagates the dissection along the aorta until
this process is interrupted, for instance, by an atherosclerosis plaque [15,55,59], a branch (as observed in

Supplementary Figure S3), a re-entry tear, or a rupture of the outer wall.

4.6 The particular case of longitudinal notches

The phenomena previously described (i.e. change of aortic morphology and bulge effect) were not observed
on samples with a longitudinal notch as shown in Supplementary Figure S2 by sample III. The fact that the
notch depths of the two longitudinally notched specimens were small compared to the well-dissected samples
could be an explanation. The pressure required to dissect a specimen with a circumferential notch was lower
than for a specimen with a longitudinal notch; however, the difference in geometry of the notches and the
small number of samples prevent a definitive conclusion from being reached. In addition, both longitudinally
notched specimens seem to follow the same trends observed on circumferentially notched specimens in terms
of correlation with notch morphological factors, such as depth of notch (Figure 4). Thus, the prevalence
of circumferential notch observed in clinics may be due mainly to the lower resistance of aortic tissue to

longitudinal versus circumferential tension, as shown by Witzenburg et al. [44] using uniaxial testing on
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porcine ascending aortic samples.

4.7 Limitations and future work

Some limitations to this study should be noted. Freezing samples prior to testing could affect the mechanical
properties; however, the extent of this effect is still under debate in the scientific community [60-62]. Further
investigation is needed to quantify the influence of freezing on the dissection of such specimens. The small
number of samples is also a limitation of this study, as it prevents definitive conclusions from being drawn, for
instance on the differences between circumferential and longitudinal notches. Under in vivo conditions, the
aorta is subjected to dynamic loading, but the tension-inflation test was performed at static pressure, which
may be the reason for the non-physiological pressure necessary to propagate the notch, as in literature (‘Z—f)max
was shown to have a significant influence on the critical pressure compared to the mean pressure [63, 64].
Further studies, with a dynamic load closer to in vivo conditions, are required to quantify the influence of
this parameter on the initiation of aortic dissection. The fact that young rabbits were used as an animal
model may explain that the measured critical pressures were well above physiological range, and also dictated
the need to initiate the dissection manually due to the lack of pre-existing intramural defects. Genetically-
modified mouse models could be used in future works as a more physiological model of the diseased state
of the wall [26]. Nevertheless, the methodology we have developed allowed a detailed characterization and
understanding of this condition, both on a macro- and micro-scale. Finally, the data reported in this study
could be of great use in computational modelling by filling the lack of experimental data in literature and

enabling future aortic dissection models to be validated [65].
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Supplementary Materials

Supplementary Video 1: Overview of the notched aorta at different pressure steps until dissec-
tion. Transverse slices of 5 scans (0 mmHg, 100 mmHg, 200 mmHg, 300 mmHg, and 0 mmHg after dissection)
are shown. The pressure present inside the aorta is indicated on the top left corner. The aortic wall and inti-

mal tear are indicated, as well as the false and true lumen after dissection. The isotropic voxel size is 3.02 pm.

Supplementary Video 2: Real-time aortic dissection recorded using radiographic images. The
complete dissection of the sample can be observed when the critical pressure is reached. The dissection length

follows an exponential curve as shown in Figure 7.



Visualization of the descending aorta with conventional computed tomographic
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Figure S1: (a) Three-dimensional segmentation of a representative specimen with a circumferential notch
after aortic dissection. Three cross-sections were displayed at different locations along the longitudinal axis.
The length of the portion of the specimen observed here is 8.75 mm. The outer wall presents a bulge in the
middle cross-section. (b) Front view of the aortic wall with a focus on the notch at different pressures and
after propagation of the dissection along the aorta. The intimal side is on the left whereas the adventitial
side is on the right. The sample dissected at a critical pressure of 477 mmHg
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Figure S2: Cross-sections of three specimens at the beginning of the inflation test and after propagation of
the dissection. Three different types of initial notches are presented. The initial and final scans were taken at
0 mmHg of pressure. The images show the middle of the sample, where the depth of the notch is the highest.
The specimens were named I, II, and III for simplicity. The positions of the notches are bottom in sample
I, top-left in sample II, left in sample III. In specimen I, the propagation followed a similar path to the one
presented in Figure 3. In sample II the notch propagated on a large part of the circumference but also in the
radial-longitudinal plane along the segment. In sample III the notch propagated also in the circumferential
direction and in the radial-longitudinal plane.



Influence of intercostal arteries on dissection propagation

During the preparation of the sample, the notch was made between the intercostal arteries in order to avoid
any interferences with the dissection. Due to the field of view, it was rarely possible to see the aortic dissection
interact with a branch. However, in one of the samples, the dissection was stopped in the circumferential
direction by an intercostal artery, leading to the rupture of the aortic wall near the branch ostium, as shown

in Figure S3.

Figure S3: Cross-section of a dissected sample. The circumferential propagation of the notch was stopped by
an intercostal branch (B). As a consequence, the wall ruptured near the small branch (A). Conversely, the
propagation of the notch in the longitudinal direction was not affected.



Visual artifacts in obtained CT scans

Some visual artifacts are present on the obtained images due to the characteristics of X-ray CT imaging and
reconstruction, and should not be interpreted as structural elements of the aortic segments. In particular, a
white outline surrounds the outer envelope due to the sudden change in refraction index, and should not be
mistaken with the adventitial layer. Besides, white streaks and bands can be seen in heterogeneous regions
(e.g. presence of air bubbles) and also surrounding the outer wall. These artifacts are present in Figure 1, 2,

3,4, 5. 6. Finally, ring artifacts can be seen in Fig. S2 and S3.



	manuscript_only (2)
	Supplementary_materials

