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Abstract

Vascular stenting is a common intervention for the treatment of atherosclerotic plaques. However, stenting still
has a significant rate of re-stenosis caused by Neointimal Hyperplasia (NH) formation. In this study, we evaluate
whether stent overexpansion leads to Vasa Vasorum (VV) compression, which may contribute to vascular wall
hypoxia and restenosis. An idealized multi-layered fibroatheroma model including Vasa Vasorum was expanded
by three coronary stent designs up to a 1.3:1 stent/artery luminal diameter ratio (expl.1, expl.2, expl.3) using a
finite element analysis approach. Following Poiseuille’s law for elliptical sections, the fold-increase in flow
resistance was calculated based on VV compression in the Intima (Int), Media (Med) and Adventitia (Adv). The
V'V beneath the plaque experience the smallest degree of compression, while the opposite wall regions are highly
affected by stent over-expansion. The highest compressions for Adv, Med and Int at expl.1 are 60.7, 65.9,
72.3%, at exp 1.2 are 62.1, 67.3, 73.5% and at exp 1.3 are 63.2, 68.7, 74.8%. The consequent fold-increase in
resistance to flow for Adv, Med and Int at exp1.1 are 3.3, 4.4, 6.6, at exp1.2 are 3.5, 4.7, 7.2 and at expl.3 are
3.8, 5.1, 7.9. Stent over-expansion induces significant VV compression, especially in the Intima and Media
layers, in agreement with previously observed Media necrosis and loss in elasticity after stenting. The observed
steep increase in flow resistance suggests the blood flow and associated oxygen delivery would drop up to five
times in the Media and almost eight in the Intima, which may lead to neointimal hyperplasia and restenosis.

Keywords:

Vascular stenting, neointimal hyperplasia, restenosis, vasa vasorum, vascular wall hypoxia, finite element
analysis


mailto:Cardoso@ccny.cuny.edu

[ER

O 00 NO UL b WN

A DB DA B D DBEBWWWWWWWWWWNNNNNNNNNNNRPRRRPRRERPRRERPRRRRR
b WOWNPFPOOOOLONOUPDWNRPOOONOUUPEWNREPOOONOULEAEWNPELO

Introduction

Vascular disorders represent the principal cause of death in Western Countries (Benjamin et al.
2018),(Benjamin et al. 2019). Atherosclerotic disease, the underlying cause of heart attacks and stroke, is
initiated by cholesterol build-up beneath the endothelium, which ultimately evolves into a lipid plaque, known
as fibroatheroma. Currently, the most reliable treatment for symptomatic vascular narrowing is Percutaneous
Transluminal Angioplasty (PTA), which widens the narrowed sections of the artery using a catheter balloon and
often placing a medical stent, a slender, expandable, cylindrical metal mesh in the region of vascular occlusion
(Meads et al. 2000). The stent works as a mechanical support for the vascular wall, re-opening the pathological
region and restoring the original blood flow. However, PTA with stenting is often complicated by in-stent
restenosis (ISR). ISR is the result of excessive tissue formation around the stent, referred to as Neointimal
Hyperplasia (NH), which may result in the failure of the implant. Although ISR is linked to different aspects of
the procedure, recent studies have highlighted the relationship between reduced levels of oxygen tension within
the stented artery wall and NH formation (Caro et al. 2013; Cheema et al. 2006; Murphy et al. 2016; Santilli,
Tretinyak, and Lee 2000; Tarbell et al. 2020; Tretinyak et al. 2002). The stent itself plays a key role in
determining the overall oxygen supply to the underlying tissue. Even though the stent restores the required blood
flow to downstream vasculature, it may induce a hypoxic condition for the arterial layers around its structure.
On one hand, the shape of the stent struts influences the local heamodynamics and oxygen transport rates from
the blood vessel lumen. Blood flow disturbance in the near wall region around the stent struts results in a reduced
oxygen flux through the inner lining of the vascular wall that affects oxygen tension in the intima and inner
media layers of the vessel wall (Murphy et al. 2016). On the other hand, the mechanical expansion of the device
seems to influence oxygen tensions in the outer vascular layers, perfused by supplementary capillary networks
known as Vasa Vasorum (VV) (Santilli, Tretinyak, and Lee 2000),(Sanada et al. 1998).

Vasa Vasorum represent the main source of oxygen for the outer Media and Adventitia layers, areas that are
beyond the reach of oxygen diffusion from the lumen. In the case of atherosclerosis, these microvessels can grow
down into the intimal layer, as a result of the oxygen deficiency caused by the fibroatheroma (Cheema et al.
2006), (Pels et al. 1999), (Vasuri et al. 2012). Depending on their origin, VV are divided into three categories
(Ritman and Leman 2008): Vasa Vasorum Interna VVI, when the origin is the main lumen itself and the
branching network remains inside the arterial wall; Vasa Vasorum Externa VVE, when the origin is located
outside the vascular wall and comes from a major branch emerging from the main lumen; Venous Vasa Vasorum
VVV, when the tree structure starts from a neighbouring vein. In the present study, we have considered a Vasa
Vasorum geometry that could represent either VVE or VVV, as its “mother branch” originates from outside the
vascular wall.

Previous research has focused its attention on understanding the effect of disruption of blood flow through
Vasa Vasorum (Kantor and Moéhlenkamp 2003; Sanada et al. 1998; Vasuri et al. 2012). The results are often
medial necrosis, stagnant interstitial fluid, decreased vascular wall nutrition, and wall hypoxia. All of these may
occur when the artery is stent-expanded. Stent-expanded arteries may reach sufficiently elevated degrees of
deformation such that high circumferential and radial stresses (stretches) could compress VV thus diminishing
blood flow through VV and reducing oxygen delivery to the outer layers of the vessel wall. During stent
expansion, circumferential stresses in the layers remain rather small as long as the elastic fibres are able to
stretch. Once they reach the maximum extension, the stress begins to increase exponentially as collagen, which
is 100 to 1,000 times stiffer than elastin, bears increasing load (Fratzl 2008). On the other hand, radial stress is
the compressive component responsible for squeezing the structures in the artery wall. Increments in both
circumferential and radial stresses likely affect the original VV morphology and may contribute to artery wall
hypoxia. This mechanism naturally implies a relation between final stent expansion ratio, arterial stress and VV
compression that could provide the link between transarterial wall oxygen gradient and the degree of stent



O 00 NOULL B~ WN B

e
Uubh WNERO

16

17
18
19
20
21
22
23
24
25
26
27
28
29
30

31

32
33
34
35
36
37
38
39
40
41
42
43
44

expansion (Santilli, Tretinyak, and Lee 2000), (Ritman and Leman 2008). In clinical practice, stents are routinely
expanded under fluoroscopy to achieve a stent/artery luminal diameter ratio of 1.1:1. However, it is common
practice to further expand the stent with a second, less compliant balloon that is slightly shorter than the stent
itself. This step is referred to as stent post-dilation and it is performed to decrease the dog-boning effect (Frobert
et al. 2013; Zhang et al. 2010). Even though post-dilation ensures a more uniform deformation of the stent, it
leads to a situation of overexpansion, where the ratio is 1.2:1 or greater (de Quadros et al. 2006). The overarching
hypothesis of this work is that stent expansion may compress the Vasa Vasorum, resulting in reduction of
vascular wall blood perfusion leading to wall hypoxia. Previous studies have used Finite Element Analysis (FEA)
to investigate the mechanical interaction between expanded stents and atherosclerotic tissues (Kantor and
Moéhlenkamp 2003), (Fratzl 2008), (Zahedmanesh and Lally 2009), (Zhang et al. 2010). Others have focused on
the influence of the implant design over the heamodynamics and oxygen transport rates through the stented
lumen (Murphy et al. 2016), (L. Ritman, A. Lerman 2008). However, to our knowledge, there is no literature of
FEA exploring Vasa Vasorum compression induced by PTA assessing whether the final stent diameter could
induce a hypoxic situation in the outer vascular layers.

Material and methods

To assess the effect of stenting on Vasa Vasorum compression, we tested, using Finite Element Analysis
(Abaqus/CAE, Dassault Systemes, v.6.14-2), an idealized multi-layered fibroatheroma model (SolidWorks,
Dassault Systemes, v.2016), under three degrees of stent expansion. The atherosclerotic artery geometry
comprises the vascular layers Intima, Media, and Adventitia modelled as thick walled non-linear elastic
cylindrical tubes. The stenotic plaque consists of an atheroma cap and a lipid core placed in the intimal layer,
causing a moderately-severe lumen reduction. The geometry of the Vasa Vasorum comprises twelve capillary
network trees, each with three branches of decreasing diameter in both the axial and circumferential direction
that penetrates into each vascular layer and all around the artery. Our VV design is based on the graphical
illustration reported by (Vasuri et al. 2012). The artery is expanded by three different bare metal stents that are
first deployed at an expansion ratio of 1.1:1 and then post-dilated up to a ratio of 1.3:1. Deformation of the VV
produced by the different stents is quantified for each network tree by branch, layer, direction and location with
the artery, under the three expansion ratios. Analysis of such network is considered to cover most possible VV
locations within the artery. Vasa Vasorum deformation is then used to compute the increase in hydraulic
resistance on each Vasa due to stenting overexpansion.

Model geometry and mesh

The artery geometry presented in this study (Cardoso, L. et al. 2014) represents a 30 mm long vessel with
external diameter of 4 mm. The three vascular layers Intima, Media and Adventitia are modelled as straight
concentric cylindrical tubes with thickness values of 0.2, 0.2 and 0.4 mm respectively. The stenotic atheroma
cap has a thickness of 0.2 mm and results from a semi-annular lipid core localized inside the Intima, at the middle
of the artery section. The plaque causes a 60% occlusion of the lumen, defined as the ratio between the cross-
section area at the location of minimal radius in the stenosis and the cross-section area in the healthy region of
the vessel [Figure 1a]. The Vasa Vasorum geometry has an idealized anatomical layout and hierarchical
branching structure that has been described previously (Vasuri et al. 2012),(Ritman and Leman 2008),(H. M.
Kwon et al. 1998),(Williams and Heistad 1996). It comprises four main vessel trees that are concentric with the
artery, and located on the opposite side of the plaque (top), on the right and left sides and underneath the plaque,
as shown in [Figure 1b]. Each of these ‘mother’ vessels presents three descending branches that penetrate
longitudinally inside the arterial wall. These branches were classified as VV1, VV2 and VV3 accordingly to its
proximal to distal position within the artery [Figure 1a,b]. In addition, VV1, VV2 and VV3 have circumferential
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branches, also shown in [Figure 1b]. The entire Vasa network is displayed under different perspectives in
[Figure 1a, b] and further described in [Table 1]. As illustrated, the entire structure of each Vasa has three
branches of decreasing diameter as it grows down towards the Intima. The geometry was designed such that the
branching site is at the middle position in each artery layer.

Table 1. Size of Vasa branches diameters in each arterial layer.

Layer Main Branch Diameter | Longitudinal Branch Diameter Circumferential Branch
(um) (um) Diameter (um)
Adventitia 70 40 30
Media / 20 15
Intima / 8 6

The three stent geometries resemble common designs from major medical companies, with different
geometrical features listed in [Table 2]. Stent A resembles the Thin-strut Multilink RX Ultra stent (Abbott
Laboratories, North Chicago, IL, USA), stent B represents the BX Velocity stent (Cordis of Johnson & Johnson,
Fremont, CA, USA) and stent C exemplifies the S7 AVE stent (Medtronic, Fridley, MN, USA) [Figure 1c].
These geometries were also considered since their performance on luminal oxygen transport has been previously
investigated (Murphy et al. 2016). A four-node linear tetrahedron and hybrid formulation (ABAQUS element
type C3D4H) was used to mesh the atherosclerotic artery. The three vascular layers have different element sizes,
with increasing mesh elements for outer regions. Moreover, central parts-corresponding to the pathological area
were meshed with finer elements compared to distal regions. This strategy allowed us to preserve accuracy in
the region of interest and reduce the number of elements where the same precision is not required. The same
mesh element type was used for the lipid core and stents. The atherosclerotic artery comprised more than 2
million elements. An illustration of the different mesh sizes can be observed in [Figure 1d].
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Figure 1. Assembly of atherosclerotic artery, (A) Vasa Vasorum branches and stent A. (B) Vasa Vasorum network organization in
longitudinal and frontal view. (C) Stent A, B and C in their final expanded configuration. (D) Mesh assignment of the assembly,
with magnification of one Vasa branch.

Table 2. Design and dimensions of stents features.

Stent Link configuration Length (mm) Strut thickness (mm) Strut width (mm)
A Peak-to-valley 10.65 0.07 0.10
B Peak-to-peak 10.47 0.14 0.13
C Peak-to-peak 7.93 0.10 0.10

Material properties

The arterial layers tissue properties were defined by the Holzapfel-Gasser-Ogden HGO constitutive model
(Holzapfel 2002),(Gasser, Ogden, and Holzapfel 2006), which adequately describes the nonlinear stress-strain
relationship of biological materials (Karimi, Navidbakhsh, and Razaghi 2014),(Cardoso, L. et al. 2014),(Lally,
Reid, and Prendergast 2004),(Karimi et al. 2014). This model considers the artery as an anisotropic material,
taking into consideration the collagenous fibre orientations in the layers. The HGO model describes the material
response to large deformation using the strain energy function given by (1):

with,

W = Cog(Fy = 3) + 3 S [ewn(k(ED) — 1] + 5 (5 - )

E; 2 x(l, —3)+ (1-3K)(Iy — D),

(1
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where Cjy describes the isotropic behaviour of the non-collagenous matrix of the artery and is related to the shear
modulus p of each layer by (3):

Cro = %, 3)
D is a material constant related to the bulk modulus K of the tissue by (4):

D=2
2

: (4)

k1 and k; are constants defining the anisotropic nature of the vascular tissue; the parameter k describes the level
of dispersion in the fibre direction; I; is the first deviatoric strain invariant; J is the elastic volume ratio and
Ly = Ag; : C, Ay; = ay;®ay; are the invariants of the distortional part of the right Cauchy-Green strain C. Since
the collagen fibres are arranged in symmetrical spirals at different angles depending on the considered layer,
they are expressed in a cylindrical coordinate system by (5):

0
ag; = [cos ﬁil, i = 1,2 fiber families (5)
sin :81'

where f; are the directions of two (i = 1, 2) fibre families in the reference configuration, in each of the vascular
layers.

Prior to the development of the HGO constitutive model, Holzapfel et al., 2005 developed another model
that also takes into account the direction and dispersion of fibers in each artery layer. A complete set of
coefficients was obtained for that model from experiments performed in separated artery layers of human
coronary vessels. Unfortunately, no such dataset has been reported for the HGO model. To obtain the equivalent
coefficients for the HGO model, we first recreated the average stress-strain curves for the Holzapfel et al., 2005
model using the experimental mean values of stiffness p, fibers orientation angle B and the fibers dispersion
parameter p, while adjusting k; and k> to replicate the ultimate stretch and stress to rupture reported for each
layer. Then, the HGO coefficients for each artery layer were obtained by curve fitting the average experimental
stress-strain curves from Holzapfel et al., 2005 with the HGO model, where the stiffness u, the fibers angle ¢
and the fibers dispersion parameter k, were kept as reported in Holzapfel et al., 2005, and only the k; and k>
parameters were adjusted by minimizing the squared error between the data and the HGO model. The layer-
specific values obtained for each hyperelastic material coefficient of the HGO model are listed in [Table 3]. The
hypocellular lipid core is described by the first-order Ogden hyperelastic model given by (6):

20 = = = 1
W=+ 25 +25) +- (- 1)? (6)

where the exponent a is a material parameter and A1, A2 and A3 are the principal stretches. Thus, the lipid core
is considered as a homogeneous, isotropic, material - almost incompressible with the constants values reported
in (He et al. 2020) [Table 3]. The stents have been made of Stainless Steel 316L with mechanical parameters
reported in [Table 3] (Shit, Dhar, and Acharyya 2013).
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Table 3. Material coefficients for the arterial layers, considered as anisotropic hyperplastic; lipid core, considered as linear
elastic; stent, considered as metallic.

Layer Cio D ki k2 K Bi
(kPa) (kPa) (--) (degrees)
Adventitia 3.78 0 1.99 6.36 0.15 67.0
Media 0.65 0 184.7 17.13 0.25 20.61
Intima 13.95 0 53.72 2.66 0.163 60.3
Element p (kPa) D a Density (kg/ m?)
Lipid Core 3.968 0.239019 13.8367 1.22
Young’s Modulus E | Poisson’s Ratio Tangent Density (kg/m?)
(GPa) Modulus
(MPa)
Stent 196 0.33 692 7999

Boundary and loading conditions

Numerical simulations were performed using a dynamic quasi-static implicit analysis approach. Internal
pressures were applied on the blood vessel lumen and Vasa Vasorum to mimic the presence of blood flow. The
vessel’s luminal pressure was set to 75.5 mmHg, which represents the average value of a pressure wave extracted
from patient-based coronary measurement (Rambhia et al. 2012). In the Vasa Vasorum a pressure of 15 mmHg
was chosen based on typical capillaries pressures ranges (Shore 2000). The stent was expanded with a uniform
and linearly increasing internal pressure up to an expansion ratio of 1.1:1. These pressures are 1.8, 1.6 and 1.6
MPa for stent A, stent B and stent C, respectively. The stent was then post-dilated by a higher pressure load
exerted on the central region of the stent, to achieve a ratio of 1.3:1 and minimize any dog-boning effect. The
post-dilation pressures are 2.2, 2 and 2 MPa for stent A, stent B and stent C respectively. This range of expanding
pressures agrees with those used in the clinical practice (Lanzer and Schmidt 2015). Nodes at the centre of
alternating stent vertices have been constrained to allow the device to move in the radial direction only. To
determine the effect of the alignment between the vertex and the space between vertices and the atheroma on the
numerical results, a cylindrical reference system was introduced and stent expansion tests were conducted with
the stent vertices aligned at 0 degrees position with the peak of the atheroma (stent vertices aligned with the
atheroma peak) and after rotating the stent by 30 degrees in the clockwise direction (stent valleys aligned with
the atheroma peak). The interaction between the device and the endothelium has the properties of “Hard” contact
for the normal behaviour and frictional sliding with a static friction coefficient of 0.15 for the tangential
behaviour, as previously used in (Schiavone, Zhao, and Abdel-Wahab 2014), (Karanasiou et al. 2013). The three
arterial layers are considered as bound together and free to deform in any direction. Lastly, the two axial extremes
of the artery are free to move in the radial direction only, reflecting the constraint from the artery to tissue
tethering.

Vasa Vasorum compression and change in flow resistance

After full expansion of each stent, we measured Vasa Vasorum deformations in VV1, VV2 and VV3, as
well as Top, Bottom, Left and Right locations, for VV segments in each vascular layer, and in both axial and
circumferential branches. Later, we calculated the increase in hydraulic resistance, taking into consideration that
after stenting the Vasa Vasorum cross-sections are no longer circular but elliptical, as shown in [Figure 2].
Therefore, the change in resistance to the flow was obtained using the formula for Poiseuille flow through a
straight tube of elliptical cross section (4) (Fraenkel 1971):
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where R>and R; stand for the final and initial resistances to flow, respectively; r is the initial radius of the branch;
a and b are the semi-major and semi-minor axes of the compressed Vasa, respectively. The acquired data are the
diameters of the VV branches along the b-axis (minor-axis) in [Figure 2], at the proximity where the Vasa divide
into the two circumferential Vasa. The amount of compression was evaluated as the radial change (along the b-
axis in Figure 2) in distance between two point sets defining the extremity of the branch diameter. This was
done using the XY Data post-processing tool in Abaqus and later implemented in a user-defined MATLAB code.

Figure 2. [llustration of the undeformed and deformed Vasa Vasorum branch, showing the circular (initial) cross-section of the
vessel versus the elliptical (final) shape of the same region.

Results

Before collecting the data for VV compression, we analysed the stress and strain distribution on the arterial
tissues induced by the stent designs at three expansion ratios [Figure 3]. First, the stent is expanded until reaching
a stent/artery luminal diameter ratio of 1.1:1. Then, we replicate the post-dilation procedure, where the stent is
expanded at a ratio of 1.2:1 and 1.3:1. The latter case is referred to as stent over-expansion. All three stents lead
to a similar pattern of stresses (and strains), where the centre region of the artery has the highest stresses, and it
exhibits most intense concentration in the region opposite to the lipid core. As expected, stresses increase as the
stent is more dilated. In general, the strains also vary along the radial direction, being the highest in the luminal
side of the artery, and decreasing inversely to the radius, thus resulting in lesser strains in the media and even
lower in the adventitia.
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Figure 3. Representation of dilated artery (Max Principal stresses are reported in MPa) at three degrees of expansion for Stent A,
Stent B and Stent C.

This behaviour is further described by the circumferential stress and strain curves in [Figure 4], which
represents the average values of 30 mesh elements per curve that were selected along the radial thickness of each
layer at the middle of the artery in the longitudinal direction. Intima and Media exhibit the typical hyperelastic
response under high deformations, while Adventitia remains in the linear regime as highest stresses and strains
are sustained by the inner layers. Moreover, regions protected by the fibroatheroma experience the lowest
stresses and strains as shown for Media and Adventitia. The fibrous cap shows higher stresses with a peak
circumferential stress (PCS) that lies slightly below the average threshold for cap rupture (545 kPa (Cheng et al.
1993)). On the other hand, the region opposite to the stenosis undergoes major stresses and strains as well as the
highest pre-stretch due to the blood pressure. In general, the highest circumferential stresses occur on the Intima
and correspond to when the stent is overextended. Overall, these values agree with what has already been shown
by Schiavone et al. (Schiavone, Zhao, and Abdel-Wahab 2014).
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Figure 4. Circumferential Stresses vs. Strains exerted by Stent C for Intima, Media and Adventitia at each expansion ratio in
Top region, at the Right and Left sides, in the Fibrous Cap (intima) and under the Plaque (Media, Adventitia).

The VV compression and change in flow resistance due to blood pressure were calculated relative to the
initial undeformed configuration of the blood vessel, while for stenting, those measurements were obtained in
reference to the VV diameter under the blood pressure loaded configuration. Histograms for VV compression
and fold increase in flow resistance for the three stents are reported in [Figure 5]. The effect of the different
designs was compared for the case of overexpansion on the vasa VV2, which have always appeared to be the
most affected branches, given their location at the centre of the stenotic region (see [Figure 1]). Histograms refer
to central branches running longitudinally inside the vascular wall. Data for circumferential branches were also
analysed and showed no significant differences with central branches (data not shown). We found that when the
artery is expanded uniformly at a ratio of 1.3:1, the VV compression and increase in resistance to the blood flow
is similar among the three stents. On one hand, intraluminal pressure alone (relative to the initial undeformed
vessel configuration) produced a mild average compression of 12% on the VV2 network, with a maximum of
33% in the intimal-medial top region. In terms of resistance to blood flow, intraluminal pressure resulted in a
nearly null increase in resistance, with an average value of 1.07 and a maximum of 1.4. On the other hand, after
stenting, the branches on the opposite side of the stenosis are most impacted by the stent expansion, with the
highest compressions observed among the VV, which range between 69-75% in Media and Intima. These levels
of deformation lead to hydraulic resistances that are five to eight times higher than in a physiological condition.
In contrast, branches beneath the plaque experience a minimal change in the radial axis (b dimension) as well as
change in flow resistance. These results highlight the shielding behaviour of the plaque which protects the vasa
underneath it. The pattern of vasa disruption reflects the stress and strain distributions in the artery. As a matter
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of fact, Vasa Vasorum deformation is strongly correlated with the strain levels of the arterial tissues as depicted
in [Figure 6]. Here, the eccentricity of the VV cross-sections, i.e., how much the branch is compressed, shows
strong polynomial correlations with the vascular wall deformation. Overall, the VV compression after stenting
(expl.3) are at least twice and up to seven times higher than the compression produced by blood pressure alone,
leading to one to seven fold increase in hydraulic resistance in the VV.

VASA VASORUM COMPRESSION INCREASE IN HYDRAULIC RESISTANCE
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Figure 5. Histograms of compression (left) and increase in hydraulic resistance (right) in VV2, caused by Stent A, B, C at 1.3:1
expansion ratio.
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Figure 6. Polynomial correlation between eccentricity (defined as ¢ = |1 — = ) of the VV cross section after expansion and

the corresponding strain levels in the arterial layers for VVI, VV2 and VV3. Here, the data of the three layers Intima, Media and
Adventitia were considered together in the same graph for the respective VV.

Compression and change in resistance to flow for the entire vasa network at each expansion ratio are reported
for Stent A only [Figure 7], since the three stent designs didn’t show significant differences in the results. Again
we found that the central branches on the opposite side of the stenosis are the most deformed by the angioplasty
procedure. Intimal and medial Vasa reach a maximum of about 70-75% radial compression in the VV1 and VV2
networks. Beneath the lipid core, Vasa Vasorum experience minimum compressions. The intimal VV3 branch
close to the stenotic region shows higher compression levels as it is not shielded by the plaque (see [Figure 1]).
Overall, the branches that belong to Vasa Vasorum 2 undergo the highest levels of deformation [Figure 7]. This
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can also be seen in the strain distribution along the vasa branches [Figure 7] where the medial and intimal VV2
in the top region experience the highest deformation. After rotating the stent by 30 degrees in the circumferential
direction, the compression values for VV2 were 0.5% lower on average.
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Figure 7. Left: Histograms of radial compression in VV1, VV2 and VV3 for Intima, Media and Adventitia at the four cross-
sectional regions after the three stent expansions. Centre: Strain distribution on VVI, VV2 and VV3 branches running in the
region opposite to the lipid core, at 1.3:1 expansion ratio. Right: Strain distribution on VV2 vasa branches on the top — opposite
side of the stenosis -, on the left, under the stenotic plaque, and on the right side, at 1.3:1 expansion ratio. The left, right and
under the plaque branches were rotated to the same orientation as the top branch for clarity.

The results for the fold change in hydraulic resistance are presented in [Figure 8]. The resistance to the flow
in central branches changes in a similar manner as the radial compression. Top branches in the VV1 and VV2
reach the greatest fold increase, where the resistance to the flow is 5-8 times higher when the stent is over
expanded. Our results indicate that Vasa Vasorum blood flow would be disrupted the most in the Media and
Intima layers. The flow reduction could potentially be even greater reduction in branches that are connected in-
series with upstream vasa. Overall, the maximum increase in flow resistance happens under a stent/artery luminal
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1  diameter ratio of 1.3:1. After rotating the stent by 30 degrees in the circumferential direction, the change in flow
2 resistance for VV2 was 1.27% lower on average.
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5 Figure 8. Histograms of fold change in resistance to the blood flow in VVI1, VV2 and VV3 (A-C) central branches for Intima,
6 Media and Adventitia at the four layers regions after the three stent expansions (Stent A)

9  Discussion

10 In the present study, we investigated the effects of stent deployment on arterial Vasa Vasorum
11  deformation and the consequent changes on resistance to blood flow, under different degrees of expansion.
12 We also considered three commonly used stent designs to determine whether VV disruption changes
13 depending on the stent layout. Previous studies of Vasa Vasorum have focused their attention primarily on
14  their morphology and the relationship between Vasa neovascularization and plaque progression (Baikoussis
15 et al. 2011; Cabello et al. 2010; Chiefari et al. 2006; Gossl et al. 2015; Heistad, Armstrong, and Amundsen
16  2017; T. G. Kwon, Lerman, and Lerman 2015; Mulligan-Kehoe 2009; Patzelt et al. 2019; Taruya et al.
17  2015; Zorc-Pleskovic et al. 2018). On the other hand, the literature is rich in Finite Element analyses that
18 investigated the biomechanical interactions between stents and the vascular wall. Hajiali et al. (Hajiali et
19  al. 2015) analysed the stresses induced by stenting in an idealized multi-layered atherosclerotic coronary
20  artery model. Similar to the current study, the authors obtained low wall stress levels beneath the plaque,
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suggesting the shielding behaviour of the atheroma. In another paper, Zehedmanesh et al. (Zahedmanesh
and John 2010) investigated the importance of considering the balloon geometry when simulating stent
expansion. In our study, the wall stress distributions don’t display significant differences with the results
obtained by these previous studies when taking into account the presence of the balloon. Our results also
agree with those presented by Zehedmanesh et a/ (Zahedmanesh and Lally 2009) who analysed the effects
of thin stent struts on the arterial tissue. Moreover, they observed that Von Misses stress peak values more
than doubled when increasing stent expansion, an outcome that is replicated in our simulations, even if our
model includes an anisotropic description of the arterial tissues. In addition, Karimi et a/. (Karimi,
Navidbakhsh, and Razaghi 2014) assessed the plaque and arterial wall vulnerability after stent expansion.
In agreement with our study, the authors reported that the highest stresses were located in the Intima, the
stiffest layer of the vascular wall.

In the current study, we have looked further to assess how the vascular wall stresses and strains affect
the Vasa Vasorum. In particular, we have found that stent expansion leads to varying degrees of Vasa
compression and an overall increase in the resistance to blood flow. These structural changes depend on
the Vasa location within the arterial wall and the amount of stent expansion. First, we observed that the
highest VV deformations occur on the opposite side of the plaque, where medial and intimal Vasa reach a
final minor-axis (b-axis) of 7 pm (70% compression) and 1 pm (75% compression), respectively. On the
other hand, the lowest Vasa compressions are beneath the atheroma, which appears to shield the tissue
underneath it, taking up most of the stress. These results can be explained by the fact that the plaque exerts
higher resistance to expansion than the non-atherosclerotic regions. Therefore, the stent dilates non-
homogeneously, expanding and stretching the arterial tissues across from and to the side of the plaque
differently. Hajiali et al. . (Hajiali et al. 2015) reported that stresses in the arterial wall behind the plaque
are inversely correlated with the degree of stenosis. Their results suggest that thinner plaques would expose
the tissues underneath them to higher stresses leading to greater VV deformations in the stenotic region. In
this study, we have considered a generalized atherosclerotic plaque that causes 60% stenosis which
represents a common situation when stenting is required. The levels of VV compression and resistance to
flow likely depend on the tissues material properties as well. In this regard, [annaccone et al. (Iannaccone
et al. 2014) reported higher stresses in the Media underlying hard, calcified plaques. In another extensive
study, Akyildiz et al. (Akyildiz et al. 2011) described the effect of Intima stiffness on the stress distributions
in stenotic arteries. In particular, a soft material description of the Intima leads to a greater contribution of
the outer layers in supporting the overall load. Therefore, in the case of calcified plaques and less stiff
intimal tissue we would expect higher deformations in the medial and adventitial Vasa Vasorum. The trend
of vasa network disruption appears to hold true regardless of the stent design, as different stents show highly
similar results. Moreover, the distribution of Vasa deformation doesn’t change depending on the
circumferential orientation of the stent structure, which has a minor effect on the levels of disruption.

The second important finding of our study is the major effect on VV in the Medial layer. Here, there
appear to be relevant compressions for central branches, with a resistance to the blood flow as much as 5
times as high as in the healthy condition under stent overexpansion (both 1.2:1 and 1.3:1). Even for normal
expansions of 1.1:1, resistances to blood flow may be increased by almost 4.5 — fold. If we consider the
overall Vasa organization to have an “in series” characteristic, then it is likely that the net increase in overall
resistance would greatly exceed 6. Furthermore, it is worth noting that in cases of highest compression, the
radial dimension (minor axes) of the Vasa could be smaller than 2.7 um, completely preventing red blood
cells from passing through that region (George A., Fan, and David F. 2004).
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A limitation intrinsic to numerical studies using idealized geometries is the fact that real morphology
of the blood vessel, atheroma and vasa vasorum are much more complex, and may not be fully captured by
the model. On the other hand, models are used to simplify very complex problems that may otherwise be
intractable. We have made an effort to perform a quantitative analysis of changes in VV compression and
flow resistance due to stent overexpansion in what is considered a typical atheroma with 60% stenosis. The
VYV tree was designed so that both axial and circumferential branches within the three layers of the blood
vessel, and within different axial locations were considered in the analysis. However, this analysis is not
exhaustive in that other degrees of stenosis and range of tissue properties are not considered here, and
warrant to be investigated in future work. Nowadays, this is a first report demonstrating the significant role
(fold change) on VV compression and reduction of flow resistance due to stent overexpansion.

Previous papers have highlighted the negative consequences that reduction of Vasa Vasorum blood
flow causes in the Medial layer. Sanada et al. (Sanada et al. 1998) have reported medial atrophy after stent
deployment in dogs, with consequent intimal hyperplasia (IH) and VV proliferation, probably due to
hypoxia in the arterial wall. Moreover, Kantor et al. (Kantor and Mohlenkamp 2003) demonstrated medial
hypoxia in porcine coronary arteries after stenting, throughout the 28 day study period, by means of
immunohistochemistry with the hypoxia marker pimonidazol. Using in-vivo blood-flow measurements, the
authors suggested significant VV compression leading to an absolute cessation of VV blood flow. Then,
Santilli ef al. (Santilli, Tretinyak, and Lee 2000) mapped the oxygen tension levels in the artery wall of
rabbits under different degrees of stent expansion. The results showed the lowest oxygen concentrations
located in the Media as well as a correlation between hypoxia and the stent final diameter. The latter
relationship is also clear in our results. In fact, Vasa Vasorum deformations increase with stent expansion,
reaching severe compressions and resistances to flow when the stent is over-expanded. Stent over-
expansion induces higher stresses and strains on the vascular wall, increasing the chance of tissue damage
and, as we are showing, decreasing Vasa Vasorum blood flow. Arterial wall injury and hypoxia are well
known precursors of neointimal hyperplasia. Timmins ef a/. (Timmins et al. 2011) demonstrated that higher
vascular wall stresses after stenting correlates with thicker neointimal formation in pigs. Along the same
lines, Russo et al. (Russo, Silva, and Yeager 2007) and Mitsutake et al. (Mitsutake et al. 2017) showed that
neointimal proliferation and hyperplasia in pigs are strongly associated with increasing stent-artery
diameter ratio. As our results show, higher Vasa Vasorum compressions due to stent over-expansion could
be the underlying cause of IH development. This situation will be experienced the most in the healthy region
of the artery and it could trigger the excessive inflammatory response that would result in neointimal
hyperplasia. Histological inspections of in-stent restenosis (Alfonso et al. 2014; Mori et al. 2017; Soga,
Inoue, and Kuma 2015; Yeh, Oh, and Hsueh 2016) show that NH forms all around the stent structure,
resulting in nearly uniform new narrowing of the stented area. However, thicker regions of neointimal tissue
can occur and have been previously related to the degree of injury of the internal elastic lamina IEL (Gunn
et al. 2002). Since deeper damage to intimal tissue is related to high stretching and stresses caused by the
stent, it is possible that the Vasa Vasorum network that perfuses the same region is being deformed
excessively, exposing the tissue to hypoxia. However, to our knowledge the morphology and spatial growth
of intimal hyperplasia have not been compared against different degrees of wall hypoxia and certainly
warrant to be investigated in future studies. In conclusion, it has been demonstrated that stent-
overexpansion to enlarge the lumen is a counterproductive strategy and entails a greater chance of IH
formation. This reaction is likely the result of arterial tissue injury, including wall hypoxia caused by Vasa
Vasorum compression.
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