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Abstract

Stenting intervention is emerging as an alternative for treating the stenosis of cardiac and cerebral arteries.
However, postoperative In-Stent-Restenosis (ISR) remains a challenge for medical sciences and biomechanical
engineering. ISR is related not only to the stress induced by the mechanical support of stent struts on arterial wall,
but also to the intimal hyperplasia induced by the hemodynamic changes. The recent research on biomechanics of
stented artery was reviewed in this paper. In particular, from the perspectives of solid mechanics and
hemodynamics, the research progress of stented artery using biomechanical simulation was discussed. The
biomechanical factors associated with ISR were analyzed and summarized. Numerical simulation is a powerful
approach for the investigation of the relationship between stenting intervention and ISR, and can provide scientific
guidelines for the design of stent structure and clinical procedure of stenting intervention.
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Introduction
In modern society, the increasingly high incidence of cardiovascular

and cerebrovascular diseases becomes the first life-threatening culprit
to human health and safety. Among these diseases atherosclerosis is so
common and popular. Atherosclerosis is a diffuse vascular disease
whose effects are potentially additive, eventually induces the arterial
stenosis, and is the most important cause of myocardial infarction and
ischemic stroke [1]. Currently, treatment of arterial stenosis can be
divided into three kinds of procedures, i.e. medical drug, surgical
operation and endovascular intervention treatment. Drug treatment,
with low effect, long dosing cycle and side effect of drug dependence
for patients, can only reduce 13% of the relative risk [2]. The surgery
harm on the patient is permanent, and the ensuing complications and
mortality rate are also very high [2]. The intervention treatment,
which has the merits of slight wound and better curative effects,
becomes the most effective way to treat arterial stenosis. Though the
success rate of stent intervention treatment is high, the postoperative
In-Stent-Restenosis (ISR, Figure 1) remains a challenge for medical
sciences and biomechanical engineering [3].

Stenting, which can restore vessel lumen for arterial stenosis by its
mechanical support, may cause the adaptive response of vessels.
Studies have shown that ISR is not only associated with the vessel wall
damage which includes endothelial denudation by the stent struts
during expansion, the damage of elastic layer and smooth muscle, and
long-term external forces by stents to the vessels after stenting [4,5],
but also closely related to the blood flow patterns within the vessel
lesions, as well as other hemodynamic parameters such as wall shear
stress (WSS), oscillatory shear index (OSI) [6], particle residence time,
disturbed flow, etc. [7]. Taking into account the impacts of mechanical
support of stent struts on vessel wall and the vessel response to blood
flow, the biomechanics research of stents in arterial stenosis plays an
important role in long-term efficacy of treatment after stenting.

Figure 1: Arterial stenosis treated with endovascular stent and post-
operation In-Stent Stenosis. (a) Arterial stenosis; (b) stent
intervention; (c) In-Stent Restenosis

This paper reviews the progress and state-of-the-art situation of
biomechanics studies on stenting in arterial stenosis, and analyzes and
summarizes the biomechanical factors of ISR. Specifically, from the
perspectives of solid mechanics and hemodynamics, the paper
elaborates the research progress in recent years on the biomechanical
simulation of stenting in arterial stenosis rather than inhibition of
restenosis by drugs; therefore, this study does not involve drug-eluting
stents.

Solid Mechanics Studies on Post-stenting Procedure
After the stent intervention for arterial stenosis, the mechanical

support by stent recovers the lesion and results in recanalization, but it
also leads to a large non-tissue stress and strain in lesion. Stent not
only changes the local shape of the blood vessel, but also causes stress
concentrations in local vessel wall. Although the flexibility of self-
expanding stent depicts a very good improvement to that of balloon-
expanded stent, there is contact stress between vessel and stent which
could irritate vessel to cause adaptive response.
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The reaction and remodeling of vessels for stenting includes four
periods: thrombosis, inflammation, intimal hyperplasia and vessel
remodeling. These all start with the injury of vascular endothelial cells,
and the damage of vessel wall resulting from stent leads to endothelial
denudation, then prompts the local thrombosis whose severity is
closely related to the depth of penetration of the vessels. The
inflammation is a self-healing process on the elastic membrane where
monocytes and polymorphonuclear leukocytes adhere. Endometrial
hyperplasia occurs after the migration of smooth muscle cells into the
intima. With the score of poorly differentiated contractile to synthetic
transformation, a large number of protein and collagen deposit in the
intima and adventitia of vessel, and finally are fiberized. Vessel
remodeling resulting from excessive intimal hyperplasia is clinically
known as ISR [7].

With the further improvement of imaging technology and image
reconstruction techniques, the change of vessel shapes can be
observed, while the observations of stress distribution on the vessel can
only be performed by means of numerical simulation techniques.
Comparing the deformation capacities of stent and vessel, it can be
seen that stent structure almost can be considered as a non-deformable
material. Vessels, as their non-homogeneous, anisotropic and non-
linear hyper-elastic properties, can have large deformation even
without the action of the stent. In addition, friction issues between
vessels during the stent expansion procedure increase the difficulty of
vessel stress analysis after stenting. To a large extent, another factor
that affects the prediction of vessel stress is the estimation of zero-
stress state and residual stresses in vessel wall [8,9]. The interaction
between the mechanical support by stent and vessels retraction makes
the analysis of vessel stress more complicated [10].

In order to study the possible mechanical factors of vessel damage
in the stent expansion process, Rogers et al established the models of
balloons, stents and vessels with their interactions, and then numerical
simulation analysis was carried out [11]. The results showed that the
stress distribution is closely related to the space between the
supporting links of stent. Higher stress values are predicted with the
higher pressure of balloon, the larger strut space or more flexible
balloon. However, the conclusion that larger strut space indicates
higher stress is contrary to that of Gu et al., who found that larger strut
space would alleviate vessel stress concentration, meanwhile
significantly reduce the peak stress [12].

For the purpose of studying the relationship between ISR and
vascular stress, Gu et al., built the stent models of PS and S670 which
both could cause different rates of restenosis. The results demonstrate
that peak stress of vessel induced by PS stent is 2 times of that induced
by S670 stent. The rates of ISR caused by PS stent and S670 stent are
respectively 31.6% and 16%. Thus, Gu et al believe that the rate of ISR
is associated with peak stress of vessel. Compared with the strut space
of PS stent, S670 stent has larger ones, therefore Gu et al., believe that
larger strut space tends to reduce vessel stress and the vessel wall
damage induced by the mechanical support of stent.

Rogers et al., got the opposite conclusions, which might be related
to the model they built. Compared to the model Gu established, there
is an additive balloon model in Rogers’ study. It is likely suggested that
balloon model results in the two different conclusions. Although
contrary does exist, these two conclusions are both associated with
strut space of stent. It demonstrates that vessel stress caused by the
stent is closely related to the strut space of stent. But this needs further
investigation to explore what exactly is the relationship between the
two. At least, it is envisioned that the larger strut space of stent, the

better flexibility of stent, and the relatively smaller stress on the vessel
wall induced by stent.

Auricchio et al., built carotid artery model by using image
reconstruction techniques, and performed the study of numerical
simulation for the stent deployment in patient-specific model [13].
The results show that the bend segments of the vessel are obviously
straightened after stenting (Figure 2); obvious deformation occurs at
vessel cross-section; peak stress of the vessel wall arises at the stenosis.
The phenomenon of vessel straightening and peak stress in vessel
stenosis, etc. agree well with the study of Wu et al who simulated the
expansion of stent in straight and curved vessels [14]. The results show
that peak stress appears at the stenosis of straight and curved vessels,
but curved vessels has larger peak stress which appears at the inside of
the bend. It was considered by Wu et al that high stress of vessel led to
the increase of risk of ISR.

Figure 2: Strengthening effect of stent in curved stenotic artery.
Left: curved stenotic artery; Right: Strengthening effect of stented
artery.

From the above analysis, it can be seen that stenting brings about
the vessel deformation, non-tissue stress and stress concentration in
vessel. The adaptive response caused by these eventually leads to ISR.
Many factors affect the vessel stress, including the stent strut space, the
stent thickness and the bend degree of vessel, etc. However, there is
rare numerical simulation about the effect of the form of stent strut on
vessel stress. As a result, further study about this issue should be
settled in the future.

Hemodynamic study on stented artery
The compliance of stent cannot be compared with that of normal

vessel. The stented vessel has a compliance mismatch with the normal
vessels at the two ends of stent. For this reason, stenting causes a
significant straightening of vessel, and part of the blood can be folded
or bounced back which causes disturbed blood flow [13-18]. Wu et al.
performed numerical simulation of solid mechanics of the influence of
stent on vessel, but they believed that blood flow mechanics had
greater impact on ISR than the local solid mechanics of stent [14]. The
mismatch between the stent and vessel might bring about disturbed
flow which could cause thrombosis [7]. This is consistent with the
viewpoint of Wentzel et al. [17]. Wentzel et al. found that due to the
flexibility mismatch between stent and vessel, the stent after
deployment caused a connection corner on curved blood vessels and a
sudden change of vessel curvature at the end of stent (Figure 2). At the
connection corner, the axial inconsistent hardness between hard stent
ends and soft vessel induces greater stimuli in the vessel than
elsewhere, which is more prone to trigger ISR. In addition, the change
of vessel curvature resulted from the obvious straightening of vessel
also changes local hemodynamic environment in the vicinity of stent.
These might produce disturbed flow which might trigger thrombosis.
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The placement of stent not only affects the whole blood flow
pattern in vessel, but also has great impact on blood flow in the
vicinity of vessel wall. The stent strut, which has a certain thickness,
protrudes into the vessel lumen and forms a stepped shape which is
connected with the vessel wall. Thereby the blood flow demonstrates
typical forward step flow and backward step flow which may cause
flow separation (Figure 3). With a series of adjacent and interactive
forward step flow and backward step flow, more complex blood flow
patterns are generated [7]. Deng et al. also shared the view that the
stent strut has a great impact on intravascular local flow patterns [19].
Too low WSS resulted from the arising of vortex and flow separation
in the back of stent strut induces harmful substances to residence too
long time in the vicinity of blood vessel wall, thereby the initiation area
of ISR is prone to occur at the back of stent strut. With respect to the
long residence time of harmful substances, Deng et al. believe that the
swirling flow of human aortic arch can wash the vessel wall and reduce
the deposition of harmful substances and thus ISR can be alleviated
[20]. Deng et al. compared the hemodynamic difference of stent under
swirling flow and normal flow. The results show that under the
swirling flow, the OSI near the stent strut is significantly reduced and
the long residence time of harmful substances is shortened. As a result,
based on the principle of swirling flow, Deng et al designed a guide
device of swirling flow which could guide the blood flow to arise
swirling flow, and the device was optimized by using numerical
simulation of hemodynamics [21].

Figure 3: Step flow near the stent strut.

Studies have shown that WSS has key influence on the alignment
and morphology of vessel endothelial cells. Under the physiological
condition of WSS levels (>1.5Pa), endothelial cells grow in the
direction of blood flow, which can prevent atherosclerosis. Under the
pathological conditions of the WSS levels (<0.4Pa), endothelial cells
are greatly proliferated and distributes in any portion of the blood
vessel with any shape and direction, which can promote
atherosclerosis [22,23]. Jiang et al. found that low WSS causes vessel
remodeling and the apoptosis of smooth muscle cells [24]. To
understand the impact of fluid shear stress gradient on the
morphology of endothelial cell, Jiang et al. studied the morphology
and arrangement of endothelial cells under different shear stress
gradient [25], and found that the direction of endothelial cells does not
follow any definite rules and the arrangement of cells varies under
different fluid shear stress gradients. For studying the process of ISR,
De Santis et al. established a mathematical model to show the
influence of stent on WSS [26]. Changes in the shape of the blood
vessels cause changes in WSS; by changing the shape of vessel and

hence changing the WSS up to a certain threshold, numerical
simulations of hemodynamics were performed to predict the
remodeling shape of vessel. Only two-dimensional model was
simulated by De Santis et al, and the three-dimensional model is of
greater significance and it may become a pre-clinical virtual
forecasting tool. Chen et al studied the effect of the diameter size of the
stent on the WSS. The study reveals that appropriate diameter of stent
can increase WSS and reduce OSI, and profits to reduce the adverse
effects of blood flow on vessels [27]. Cheng et al. carried out numerical
simulations of hemodynamics for stenotic vessel and its stenting
treatment [28]. The results show that low WSS and oscillatory shear
stress play major roles in ISR. Morlacchi et al put stent into pig’s vessel
which led to the remodeling of vessel, and then numerical simulation
of hemodynamics was carried out based on analyzing Micro-CT image
of vessel and building the reconstruction models of vessel and stent
[29]. By comparing the experimental and numerical results, Morlacchi
et al found that low WSS and high OSI are prone to initiate ISR.

Qiao et al. designed three types of stent with different links (L-stent,
V-stent and S-stent) and an idealized stenotic vertebral artery [18].
The deployment procedure for the stent in the stenotic vertebral artery
was simulated for solid mechanics analysis. Then, the deformed
models were extracted to construct the blood flow domain, and
numerical simulations of the hemodynamics in these models were
performed using the finite element method (Figure 4). From the
viewpoint of the combination of solid mechanics and hemodynamics,
the S-stent has better therapeutic effects because of its lower potential
for inducing ISR and its better prospects in clinical applications
compared with the L-stent and V-stent.

Figure 4: Blood flow domain extracted from the deformed stented
vertebral artery (Left) and the mesh of fluid field (Right).

From the above analyses, it can be seen that the deformation of
vessel by stenting not only affects the flow pattern in the region closed
to the vessel wall, but also has an effect on the whole flow pattern in
vessel. Thus the changes of WSS, OSI and regions of stagnant flow and
other hydrodynamic parameters can lead to ISR. Currently,
researchers often built the needed vessel models based on medical
images by using three-dimensional reconstruction techniques, and
then study the hemodynamic differences of stenotic vessel before and
after stenting. To involve the detailed effect of stent on the flow, it is
needed to reconstruct the stent by using the scanned images with high
resolution, such as Micro-CT images, etc. This kind of way is time
consuming and expensive. However, studies on the effect of arterial
stenosis and its stent intervention by using numerical simulation
method combining solid mechanics and fluid dynamics, are rarely
reported. Among these, issues as how to easily import the deformed
model after solid mechanics simulation into flow field for
hemodynamics simulation and then numerically simulate the fluid-
structure interaction of stented artery based the deformed vessel wall
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and stent strut with residual stresses is a critical matter which play the
key bridging role.

Perspectives
ISR occurred after stent intervention treatment of arterial stenosis is

a problem which cannot be neglected. ISR has a relationship with the
biomechanical factors after stent expansion. This paper reviewed
numerical simulation studies of the solid mechanics and
hemodynamics for the stenotic vessel and its stent intervention
treatment. It can be seen that the adaptive response of vessel induced
by high peak stress, stress concentration, WSS, OSI, region of flow
stagnation and other biomechanical factors eventually leads to ISR.

With regard to the numerical studies of biomechanics of stented
stenotic artery, there are three key issues: First, the segmentation of
vessel wall and plaque (Figure 5), and the assignment of different
material properties for them, especially for those complex plaque with
multiple components [30,31]; Second, the reconstruction of blood flow
domain based on the deformed stented stenotic artery (Figure 4); And
third, the residual stresses assignment and the fluid-structure
interaction analysis of the deformed model.

Figure 5: Segmentation of blood vessel wall and plaque (Left and
Middle), and their assembly with stent (Right).

With advances in imaging technology and image reconstruction
techniques, the time of rebuilding patient-specific models can be
further reduced and the shapes of models can be more precisely
expressed. Material properties of blood vessels will also be more
accurately described, and the intima, media and adventitia can be
assigned the anisotropic and viscoelastic hyperelastic properties which
can be changed with the change of specific location [29]. While non-
laminar and non-Newtonian blood flow can be used for numerical
simulations of hemodynamics to make the situation more realistic.

For a comprehensive analyses of structural mechanics and fluid
mechanics problems after stenting for stenotic arteries, the flow
analysis, even fluid-structure interaction analysis are needed based on
the deformed vessel-stent model with contacting action. For this
reason, the interaction between vessel and stent and hemodynamic
situation after stent intervention treatment should be investigated in
depth to provide a scientific basis of the selection and design of stent,
the surgical planning of stent intervention and so on.
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