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Abstract

Segmental arterial mediolysis (SAM) is an asymptomatic, non-atherosclerotic and non-
inflammatory disease of unknown etiology. It affects medium-sized arteries and is characterized
by vacuolization and lysis at the level of the media which can lead to dissection, steno-occlusion,
or an aneurysm. In this article, a simulation of fluid-structure interaction in an artery altered by
segmental mediolysis was reported. The study showed that the reduction in elasticity of the media
layer of the artery due to the deterioration of collagen has little influence on the velocity field, the
pressure field as well as on the deformations of the artery, thus conferring a silent and
asymptomatic character to the pathology. The Von-Mises stress is very high at the level of the
intima which can lead to arterial dissection with the appearance of a false channel. An increase
in the Von-Mises stress of around 375 % was predicted by the COMSOL code. The combined
effect of mediolysis and the increase in blood pressure causes increases in the Von-Mises stress
at the level of the intima and the adventitia which are respectively 6.10 and 4.62 times greater
than those of the healthy artery, which demonstrates that hypertension could be a determining
factor in triggering arterial dissection.
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1. Introduction

Segmental arterial mediolysis (SAM) is a disease with a serious manifestation and unknown
etiology, affecting medium-sized arteries. It causes arterial dissection and qualifies as a medical
emergency. The disease was initially named segmental medial arteritis (Slavin et al. 1976) and
following the observation of the pathological process different from that of arteritis, it was
renamed MAS (Slavin et al. 1995). SAM is manifested by the degradation of the mechanical
properties of the median layer of the artery that can lead to dissection, steno-occlusion, or
aneurysm (Gaud et al. 2010, Tehrany et al. 2017). According to Skeik et al. (2019), the disease
generally affects middle-aged adults and can, in some cases, cause major complications leading
to death. Given the asymptomatic and silent nature of SAM, recommendations for diagnosis and
appropriate management were given by Skeik et al. (2019) by favoring a conservative strategy.
However, further research is needed to standardize diagnostic criteria and establish an appropriate
consensus for management. Currently, according to Kennedy et al. (2021), there is no
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standardized guideline for the management of SAM patients due to the lack of randomized
controlled trials. In order to reduce the cardiovascular risk profile, the authors emphasize the need
for lifestyle changes, control of hypertension and dyslipidemia.

Several researchers, (Van Bordel, 2006; Danpinid et al., 2010) investigated arterial
pathologies and claimed that changes in the mechanical properties of the middle layer (media)
arteries are at the origin of the appearance of several arterial pathologies for which variation in
rigidity is considered as an indicator of their appearance. The measurement of rigidity based on
the Windkessel model proposed by O'Rourke et al. (2002) is very limited for a complete
explanation of arterial behaviour; nevertheless, in certain specific circumstances, such as in very
old people with diagnosed hypertension it may seem realistic. Using data from a multi-slice 64-
CT scanner and creating software for finite element mesh manipulation and post-processing,
Milasinovié¢ et al. (2008) simulated and represented velocity profiles and distributions of the
effect of velocity and wall stress for two models of aortic geometries with and without aneurysm
and under systolic and diastolic flow conditions. The multidisciplinary approach validated by
these authors has made it possible to offer new perspectives to clinical investigation by
developing computer simulation tools.

The work of L. de Figueiredo Borges et al. (2008) showed that the decrease of collagen in
the media is responsible for aortic dissection and aneurysms, and the localization of this decrease
is mainly in the external part of the media in the case of dissection while in the case of aneurysms,
it is more diffuse in coherence with the global enlargement. Khanafer et al. (2009) found that the
median layer with the largest modulus of elasticity had the highest Von-Mises stress. For different
ratios of thickness (13/56/31) and elasticity (2/6/4MPa) of aortic walls with Newtonian and
turbulent blood flow, the numerical results of the simulation of the behaviour of the fluid structure
interaction showed that the appearance of a dissection in the media layer is due to the difference
in the elastic properties of the three layers of the aorta.

Two invasive treatment methods, namely, stented aneurysm and polytetrafluoroethylene
(PTFE) wrapped aneurysm, were compared by Gao et al. (2013). The comparison was conducted
using the COMSOL multiphysics computational code by focusing on the behaviour of the fluid-
structure interaction. According to Gao et al. (2013), the maximum Von Mises stress of the stent
model is reduced by about 37 % in the wrapped aneurysm model. These results are of great
importance for the understanding of the biomechanics of stenting and the envelopment of
aneurysmal arteries. To understand the tearing phase of an aortic dissection, MacLean et al.
(1999) studied the response of the thoracic aorta to radial and longitudinal forces and showed that
the aorta tears radially at a much lower value of radial tensile stress than would have been
predicted by previous studies reporting the longitudinal and circumferential Young’s modulus.

This would explain, according to these authors, why dissections propagate easily once the
initial tear has occurred. Nevertheless, it should be noted that the tri-layer character of the artery
was not taken into consideration. The recent work of Zhu et al. (2023) has shown that CFD
combined with 4D MRI provides comprehensive information for predicting the evolution of
aortic dissection that goes beyond what can be obtained by anatomical evaluation alone. The
information can be used to tailor the treatment to each patient. They were based on the detection
of recirculation zones, pressure disturbances and shear stresses at the walls.

In this article, a simulation of the behaviour and explanation of the occurrence of arterial
dissection during the deterioration of collagen in the middle layer of the artery using the
COMSOL multiphysics software is reported. The effect of the elastic modulus of the media
segment on Von-Mises stress was studied. The simulation also showed that the presence of this
pathology has a very small influence on the velocity field, the pressure field as well as on the
displacements of the artery. This would explain the asymptomatic and silent character of this
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arterial dissection constituting a danger of death. The case of the combination of media weakening
and increased blood pressure was also addressed in this study.

2. Mathematical formulation

The Navier-Stokes equations governing flow are simplified using the symmetry property. In
internal flows, rotational symmetry about the conduit axis is most often encountered, but in a
number of circumstances the assumption of two-dimensional plane flow provides a good
representation of the actual situation. The equations governing wall displacement are established
for a thin-walled, elastic conduit.

2.1. Flow equations

The continuity and momentum equations, using a cylindrical polar coordinate system for steady
incompressible isothermal flow are given, following Ward-Smith (1980):
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where the x-axis is selected to coincide with the axis of artery and radial coordinate is denoted by
r. In a dimensionless form, we obtain:
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2.2. Wall motion equations

On the hypothesis of an artery with a thin elastic wall, of thickness e, density p., modulus of
elasticity E, Poisson's ratio o, calling & the radial displacement of a point on the wall and n its
axial displacement, the equations of wall motion are given, following Comolet (1974):
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3. Boundary conditions, grid model, and numerical method

The reference data in this study refer to a medium-diameter vessel published by Comolet (1974).
The vessel’s internal diameter and length are 5 mm and 150 mm, respectively. The vessel is
assumed to be cylindrical, deformable and composed of three distinct concentric layers (Fig. 1),
which are, from the inside to the outside: intima, media and adventitia, having respective
thicknesses of 0.08 mm, 0.5 mm and 0.25 mm. The elastic moduli of each of these layers for a
healthy artery are respectively 2MPa, 6MPa and 4MPa with a Poisson modulus of 0.45 and a
density of 960 kg/m3. The media layer presents, at its mid-length on a segment of length 50 mm,
an axisymmetric alteration (Fig. 1) resulting in a reduction in the modulus of elasticity following
the deterioration of collagen.

Altered part
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Fig. 1. Locally altered tri-layer vessel diagram

The boundary conditions used in this study are those corresponding to the normal
physiological values (without hypertension) in the case of systolic peak (maximum values of
pressure and velocity). The fluid and wall equations are coupled to the wall by the wall adhesion
condition and are solved using the COMSOL code for the following boundary conditions:

x=0,u=U,=0.1m/s forallr
x=L,p=15900 Pa for all r
r=R,u=0forallx
r=0,0u/0r =0 for all x

For the wall, several conditions were considered: a condition of free movement at the fluid-
structure interface, a condition of free axial and radial movement and finally a condition of
embedding for the ends. A mapped quadrilateral mesh was used for the different domains. The
mesh independence was checked for different mesh numbers. The calculations showed that the
maximum difference in Von-Mises stress and wall displacements does not exceed 2.5 % between
coarse and fine meshes. Figures 2 and 3 show the sensitivity and evolution of the Von-Mises
stress and radial displacement as a function of the number of elements. The fine mesh retained
for our calculations, uses 6750 meshes for the fluid domain and for the solid domain, made up of
intima, media and adventitia, 1350, 5400 and 2700 meshes respectively. This same mesh was
adopted for the reference data reported by Khanafer et al. (2009) for an aorta characterized by the
following dimensions: Rumen=12 mm, Rintima=12.2 mm, Rmedia=13.4 mm and Radventita=14 mm.
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The numerical results that follow, regarding the effect of elasticity on Von-Mises stress during
systolic peak, agree very well with those presented by Khanafer et al. (2009).
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Fig. 2. Von-Mises stress in the media layer as a function of the number of meshes
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Fig. 3. Radial displacement of the intima wall as a function of the number of meshes

4. Results and discussion

Simulations of the behaviour and explanation of the occurrence of arterial dissection during the
collagen deterioration at the media layer using the COMSOL multiphysics code were performed.
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Parietal deformations induced by hemodynamic conditions and collagen deterioration were
determined. The effect of reducing elasticity due to age, environment and genetic factors, has
been studied.

The presented results have been calculated, considering the systolic peak conditions where
the pressure and velocity are maximum and the elasticity of the media layer in the altered part
has been reduced from a value of 6 MPa to a value of 0.1 MPa corresponding to the state of
deterioration.

4.1. Effect of the modulus of elasticity of the altered part on velocity

The parabolic profile of velocities at the altered portion of the artery is shown in Fig. 4. The
profile along the vessel is very weakly affected by the presence of the altered portion. At the
location of the alteration, Fig. 5 shows the variation of the velocity along the conduit and Fig. 6
represents the rate of variation of this velocity along the conduit by reducing the modulus of
elasticity of 6 MPa of a healthy artery to 0.1 MPa of an artery with mediolysis. A drastic reduction
in elasticity (of the order of 98 %) only causes a 7.5 % reduction in velocity. This gives the
pathology a character difficult to detect and appreciable by ultrasonic velocimetry.
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Fig. 4. Velocity profile in the artery with alteration of the media
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Fig. 5. Velocity variation depending on the modulus of elasticity of the altered part
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Fig. 6. Rate of change of velocity at the altered part

4.2. Effect of the modulus of elasticity of the altered part on pressure

Figure 7 shows the evolution of the pressure along the artery. The decrease of the modulus of
elasticity makes the artery more deformable and causes swelling in the altered part. Fig. 8 shows
the radial displacement of the artery radius as a function of the modulus of elasticity. The radial
unit deformation is shown in Fig. 9 and is of the order of 5 % for the lowest value of the modulus
of elasticity. The increase in the inner radius of the artery leads to a decrease in the resistance of
Poiseuille and therefore the loss of charge. In the laminar mode, the latter is proportional to the
flow rate and inversely proportional to the fourth power of the radius. In our fluid -structure
simulation, downstream pressure is kept constant resulting in lower pressure in the artery entrance
area as shown in Fig. 7. Small decreases in pressure and rate of radius displacement compared to
the initial dimensions of the artery make it difficult to diagnose the pathology of segmental arterial
mediolysis.
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Fig. 7. Pressure variation along the artery
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Fig. 8. Radial displacement of the inner wall for different values of the modulus of elasticity
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Fig. 9. Unitary radial deformation at the middle of the artery

4.3. Effect of the modulus of elasticity on Von-Mises stresses

In order to predict the rupture of the artery due to the reduction of the modulus of elasticity caused
by the mediolysis, the Von-Mises criterion was evaluated. Indeed, the theory predicts that a
material begins to yield when the Von-Mises stress reaches a level equal to the limit stress.

The Von-Mises stress predicted by the COMSOL code in the middle of the conduit where
the altered part of the media is located is represented in Fig. 10 as a function of the artery radius
and for the two limit values of the modulus of elasticity. As shown in Fig. 10, the Von-Mises
stress increases considerably at the intima and adventitia and decreases at the media with the
reduction of the modulus of elasticity. The significant increase in Von-Mises stress for intima and
adventitia is 375 % and 310 %, respectively. While for media, the reduction of the modulus of
elasticity, from 6 MPa to 0.1 MPa, results in a 92 % decrease in Von-Mises stress. Figure 11
shows the evolution of the Von-Mises stress as a function of the media elasticity modulus at the
altered part. The adventitia and the intima have the same behaviour with a rate of variation of the
Von-Mises constraint almost confused (Fig. 12). The Von-Mises constraint of the media evolves
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in the opposite direction of those of the intima and the adventitia and for elasticity modules less
than 2 MPa the gap increases in size.
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Fig. 10. Evolution of Von-Mises stress in the three layers
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4.4. Effect of blood pressure on Von-Mises stress

In accordance with the recommendations of Kennedy et al. (2021), particularly for the control of
high blood pressure, the impact of the latter on Von-Mises constraints within the three layers of
the artery was analysed. Figure 13 shows that the evolution of the Von-Mises stress evolves
linearly with blood pressure. For a healthy artery (Fig. 13a), the maximum stress occurs at the
level of the media, the slope of which is 2.72 times greater than that of the intima and 2.15 times
greater than that of the adventitia. In the case of the combination of the weakening of the media
and the increase in blood pressure (Fig. 13b), the lines of evolution of the Von-Mises stress at the
intima and the adventitia are steeper where their slopes are respectively 6.10 and 4.62 times those
of the healthy artery. Thus, this demonstrates that hypertension could be a determining factor in
triggering arterial dissection.
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Fig. 13. Evolution of Von-Mises stress in the three layers. (a) Healthy artery; (b) Altered artery

5. Conclusion

The fluid-structure behaviour of an artery affected by segmental arterial mediolysis was studied.
The destruction of collagen, an element ensuring the rigidity and stability of the middle layer
(media) of the wall, was modelled using the COMSOL Multiphysics code to predict the
distributions of pressure, velocity, stress and displacement in the altered portion of the artery. The
following important conclusions are therefore drawn:

1. For systolic peak conditions, the variation of the elastic modulus of the media has a very
weak influence on the velocity profile, pressure field and wall displacements. The
destruction of collagen leading to a reduction in elasticity of the order of 98 % only
generates a 7.5 % reduction in velocity and a unitary radial deformation of the order of
5 %. This is what gives this pathology a silent and asymptomatic character.

2. The Von-Mises stress is very high in the intima which can lead to arterial dissection with
the appearance of a false channel. An increase in the Von-Mises stress of around 375 %
was predicted by the COMSOL code.

3. The combination of mediolysis and high blood pressure leads to rates of variation of the
Von-Mises stress at the intima and adventitia higher than those of the healthy artery by
6.10 and 4.62 times thus favouring the appearance of dissection.
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