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Abstract

Cardiovascular stent restenosis remains a major challenge in interventional treatment of cardiovas-

cular occlusive disease. Although the changes in arterial mechanical environment due to stent im-

plantation are the main causes of the initiation of restenosis and thrombosis, the mechanisms that

cause this initiation are still not fully understood. In this article, we reviewed the studies on the is-

sue of stent-induced alterations in arterial mechanical environment and discussed their roles in

stent restenosis and late thrombosis from three aspects: (i) the interaction of the stent with host

blood vessel, involve the response of vascular wall, the mechanism of mechanical signal transmis-

sion, the process of re-endothelialization and late thrombosis; (ii) the changes of hemodynamics in

the lumen of the vascular segment and (iii) the changes of mechanical microenvironment within

the vascular segment wall due to stent implantation. This review has summarized and analyzed

current work in order to better solve the two main problems after stent implantation, namely in

stent restenosis and late thrombosis, meanwhile propose the deficiencies of current work for future

reference.
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Introduction

Cardiovascular occlusive disease such as arteriosclerosis leads to

poor blood circulation, angina pectoris, lack of oxygen and myocar-

dial infarction. It has become one of the most threatening killers of

human beings [1, 2]. Percutaneous coronary intervention is an effec-

tive and widely used therapy for atherosclerotic stenosis. Despite the

effectiveness, this treatment faces late failure challenges resulting

from in-stent restenosis (ISR) [3, 4] and thrombosis [5, 6].

According to clinical data, the restenosis rate of bare metal stents or

drug-eluting stent (DES) can range from 16% to 44% or 3% to

20%, respectively [7]. Restenosis may occasionally cause fatal late

thrombosis. To overcome the restenosis problem of bare metal

stents, the DESs were developed, such as CD133-specific antibody-

coated stents which have superiority in re-endothelialization and in-

hibition of ISR through promoting adhesion and proliferation of en-

dothelial progenitor cells (EPCs), as well as rapamycin-coated

stents, paclitaxel-coated stents and so on [8]. Unfortunately, mount-

ing evidence has shown that the DES has two main problems, one is

failed reduction of vascular damage, and another is the inhibited

proliferation of smooth muscle cells (SMCs) and endothelium,
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leading to the formation of local thrombosis [9, 10]. However, at

present, no drug can effectively restrain the growth of SMCs and

promotes endothelial repair synchronously. At the same time, many

researchers try to optimize the design of the scaffolds, using different

flower patterns, thickness, and weaving mode to improve the perfor-

mance of the scaffolds. Before solving these problems, we should

first understand the interaction between the stent and the host blood

vessels and the influence of the stent on the hemodynamics.

It has been well documented that vascular cells can adapt to me-

chanical stimuli, resulting in vascular remodeling [11]. Stent implan-

tation significantly alters the mechanical environment within the

host artery, possibly leading to the restenosis and thrombosis [5,

12]. To better understand the mechanism of ISR so that targeted

strategies can be forged to prevent it, we must first clarify how the

mechanical microenvironment within the host artery changes with

time after a stent is deployed.

The goal of this review paper is to analyze the hemodynamics in

the lumen after stent implantation, the mechanical microenviron-

ment within the host artery, and to discuss their effects on re-

endothelialization, restenosis, thrombosis formation and inflammation.

Interactions between stents and host blood
vessels

In this section, we will review the response of vascular wall and the

mechanism of mechanical signal transmission, and then discuss the

process of re-endothelialization and late thrombosis.

Response of vascular wall after stent implantation
From inside to outside, there are three layers of the vascular wall:

endothelial cells (ECs), SMCs and collagen fibers. ISR arises from

multifactorial influences, including vascular intimal injury, throm-

bosis, vascular remodeling, inflammation and healing [13].

After stent implantation, the adventitia and medium will respond

to the stent-induced alterations in the host artery mechanical envi-

ronment, hence leading to the remodeling of the vessel wall and re-

sulting in significant changes of its mechanical properties, such as

the elastic modulus [14, 15]. In the case of vascular sclerosis and de-

creasing tensile stress, vascular SMCs (VSMCs) are switched into

their synthetic state, which leads to the degradation of vascular ma-

trix, more cell proliferation and migration, and ultimately vascular

disease [16]. The elastic modulus of VSMCs basement is positively

correlated with cell spreading projection area, and increased sub-

strate elastic modulus promotes the proliferation and migration of

VSMCs [17]. Peyton found that VSMCs generate greater stress on

the substrates with high moduli when compared to the substrates

with low moduli. The ligand concentration of the extracellular ma-

trix (ECM) (especially fibronectin) is directly related to the number

of migrating cells [18]. High levels of mechanical strain applied to fi-

bronectin reduce the rates of both cell spreading and cell migration

[19]. Muscle fibroblasts, which possess the characteristics of SMCs,

have the ability to shrink, migrate and secrete ECM [20]. In blood

vessels, fibroblasts, vascular ECs (VECs), VSMCs and monocytes on

the scaffold can be differentiated into muscle fibroblasts [21].

Therefore, the increase in the elastic modulus of the blood vessels

caused by the contractility of muscle fibroblasts and ECM large se-

cretion may cause VSMCs hypertrophy and proliferation [22], lead-

ing to further fibrosis. Tissue fibrosis will result in decreased

vascular compliance, increased elastic modulus, and the changes of

SMCs and fibroblasts, which in turn change the biomechanical

properties of the blood vessels.

While atherosclerosis (AS) in native coronary arteries develops

over decades, in-stent neoatherosclerosis seems to occur much faster,

i.e. in months to years following stent placement [23]. It is speculated

that incompetent and dysfunctional endothelial coverage of the

stented segment contributes to this process. Stent implantation causes

vascular injury with endothelial denudation. Incomplete maturation

of the regenerated endothelium, which is characterized by poor cell-

to-cell junctions, leads to reduced expression of antithrombotic mole-

cules and low nitric oxide production. Pathologic intimal thickening

with lipid pool is a hall mark of native AS and plaque progression,

whereas in neoatherosclerosis necrotic core formation is mostly driven

by macrophage apoptosis in the absence of lipid pool, which eventu-

ally leads to in-stent plaque rupture [24]. The normal neointima pro-

liferates homogeneously, and the lipid-laden intima is not observed in

the early phase. In the late phase, the lipid-laden intima is found in

67% of the cases (Fig. 1) [25].

Indeed, activated VSMCs could efficiently proliferate and mi-

grate to contribute to vessel wall repair. However, the latest evi-

dence [22] suggests that recruitment of rich hematopoietic stem

cells/EPCs in the vessel wall during vascular remodeling, such as in-

timal hyperplasia and atherogenesis, allows SMCs to accumulate in

the intima. Especially in chronic AS, arterial smooth muscle is ab-

normally regulated, resulting in enhanced SMC differentiation and

ECM formation within the plaque region [26]. Therefore, it is gener-

ally accepted that the activation, migration, proliferation and fur-

ther intimal hyperplasia of VSMCs are the main pathological bases

for ISR [27].

Response of ECs and the mechanism of mechanical

signal transmission
Stent implantation inevitably injures the ECs. Moreover, the stent-

induced mechanical environmental changes can also lead to a series

of changes in the ECs. ECs respond to shear stress via various me-

chanical sensitivity receptors, such as vascular endothelial growth

factor receptor 2, VE-cadherin, platelet EC adhesion molecule-1,

integrin, glycoprotein complex, primary cilium and glycocalyx

(Fig. 2). Mechanical signals are transformed into biochemical infor-

mation, which regulates the activation of multiple intracellular sig-

naling pathways, such as inflammatory responses [28–30]. It is

worth noting that the response of ECs to mechanical forces varies

because of the size or direction of the force and the actual time fluc-

tuation quantity. Laminar high shear stress (HSS) can affect cell po-

larity and protrusion of lamellipodia, and contraction of stress fibers

by promoting cell actin cytoskeleton remodeling, thereby increasing

migration of ECs. In contrast, low shear stress (LSS) is more likely

to cause cell sloughing and assist cell migration due to larger shear

stress gradient. The wall shear stress (WSS) demonstrates a charac-

teristic pattern with time on the basis of the in-stent stenosis change

(Fig. 3). The WSS gradient increases from the proximal to distal seg-

ment until day 14 after Wingspan stents placement. At day 28, the

trend is reversed dramatically, decreasing from the proximal to the

distal segment [31]. Shear stress regulates the cell cycle by activating

Adenosine 50-monophosphate (AMP)-activated protein kinase

(AMPK) cascade reaction and the protein kinase B (PKB/AKT) sig-

naling pathway [32]. Laminar HSS can simultaneously activate

AMPK cascade and AKT signaling, maintain mammalian target of

rapamycin (mTOR) in steady state to reduce the proliferation of

ECs. However, low oscillatory shear stress only activates the AKT

signaling pathway, but not the AMPK cascade, which leads to the

proliferation of ECs through sustained activation of p70 ribosomal

S6 kinase signaling molecules.
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In addition to shear stress, because stent implantation alters the

compliance of the host blood vessel, it will also affect the movement

of the vascular wall under pulsatile blood pressure, hence the

stretches of ECs. ECs have been confirmed to receive strain signal

through the substantial cell membrane surface mechanical sensors,

including cell adhesion sites [34], integrin receptors [35], tyrosine ki-

nase receptor, ion channels [36] and lipid molecules [37], which

transform mechanical signal into chemical signal, and further

transmit it into the cell. The strain will activate transcription factors

such as activator protein 1 and nuclear factor kappa-light-chain-

enhancer of activated B cells, and regulate the expression of inflam-

matory genes. Meanwhile, the strain can induce the release of EC

angiotensin-II, and activate angiotensin II type 1 receptor by

up-regulating the expression of nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase peroxidase, which leads to the dys-

function of ECs and occurrence of inflammation [38].

Figure 1. Optical coherence tomography images of common neointima and neoatherosclerosis. (a) Common neointima is recognized by its high-signal intensity

and homogeneous region inside stent struts; (b) the neointima has a diffuse border and marked attenuation. Cited from [25], copyright 2015, with permission

from World J Cardiol.

Figure 2. The mechanical receptors of VECs. (a) Ion channel; (b) tyrosine kinase receptor; (c) G-protein-coupled receptors; (d) cavelae; (e) adhesion molecule; (f)

tensegrity; (g) glycocalyx and (h) primary cilium. Cited from [33], copyright 2009, with permission from Circ J.
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Re-endothelialization and late thrombosis
After stent implantation, thrombosis formed after 1 month to 1 year

is defined as late thrombosis. Thrombosis formed after more than

1 year is defined as very late thrombosis [39]. The incidence of late

stent thrombosis is only about 1%, but it causes more than 90% of

the disability or death [40].

In the early stage after stent implantation, endothelial ablation,

platelet aggregation and activation, coagulation cascade and strong

inflammation locally happen in vascular. Endothelial layer is de-

stroyed, and the stent surface is coated with a thin thrombotic layer.

The main cellular component of the neointima is a-actin positive

SMCs, which begin to migrate into the intima from the tunica elas-

tica within several days after implantation. A healthy endothelial

layer has tight junctions that can strictly regulate lipid and inflam-

matory molecule infiltration, and has balanced secretion of antico-

agulant molecules that can provide good resistance to thrombosis

formation [41]. Normal neointima with a smooth white membrane

structure is antithrombogenic. On the other hand, the yellow neoin-

tima with neoarteriosclerosis can lead to thrombosis [25].

In the middle stage, ECs repair gradually completes, the coagula-

tion cascade reaction decreases gradually, and SMCs migrate from

the media membrane to the inner membrane [42]. Intimal thickening

occurs and local inflammatory reaction tends to be normal. Studies

have shown that vascular re-endothelializationafter injury can pre-

vent metal stents from directly contacting the blood, which reduces

flow disturbance and promotes the release of many active factors,

such as VEGF, epidermal growth factor, platelet-derived growth fac-

tor (PDGF). This can effectively inhibit platelet activation/aggrega-

tion and thrombus formation in turn, finally reduce the incidence of

ISR [43–45].

In the late stage, the re-endothelialization is completed but lacks

entire function, because of the insufficient secretion of the anticoa-

gulation factor. Therefore, late thrombosis may occur [46]. The re-

endothelialization process mainly depends on the proliferation/mi-

gration of mature VECs derived from adjacent damaged intima, and

on the homing, adhesion and differentiation of EPCs derived from

bone marrow [47, 48]. Flow shear stress, tensile stress and the elastic

modulus of the blood vessel can affect ECs migration [49–51]. The

homing, proliferation and differentiation of endothelial stem cells

(ESCs) can also be affected by flow shear stress [52]. Abnormal flow

shear stress can lead to small plaque formation, thus restrain endo-

thelial regeneration, hinder endothelialization and even cause endo-

thelial dysfunction [53, 54]. HSS contributes to rupture-prone

plaque formation through angiogenesis [55, 56]. This will eventually

lead to late thrombosis. Therefore, the local hemodynamic environ-

ment plays an important role in the regulation of cell interaction

and the regeneration of VECs, which affect the formation of

thrombosis.

Coronary artery calcification
Two recognized types of coronary artery calcification are atheroscle-

rotic and medial artery calcification [57]. Vascular calcification is a

hallmark of AS. The location, density and confluence of calcification

may change portions of the arterial conduit to a noncompliant struc-

ture. Calcifications may also seed the cap of a thin cap fibro ather-

oma, altering tensile forces on the cap and rendering the lesion

prone to rupture [58]. One effective method for the treatment of vas-

cular calcification is stent implantation. However, the calcium de-

posits formed again over the years around the stent struts sometimes

break into pieces, causing luminal thrombi [59–61]. This is likely

due to a change in the local mechanical environment after stent im-

plantation, contributing to more matrix vesicles produced by

VSMCs matrix vesicles, and thereby regulates mineralization in the

vascular intima and media. The effect of mechanical environment

on the formation of vascular calcification needs further verification.

Inflammation reaction
After stent implantation, the ECs are peeled off, and the subcutane-

ous tissue is exposed to the flowing blood. Although vascular me-

chanical damage caused by stent appears to be a prerequisite for the

expression of the inflammatory response such as white blood cells

and platelets, the inflammatory response and persistence may be re-

lated to individual factors. In particular, the increased expression of

interleukin-antagonists (anti-inflammatory molecules) results in risk

reduction of restenosis especially in young patients [62]. The

Figure 3. A characteristic pattern with time on the basis of the in-stent stenosis change. (a) Nine cross-sectional areas at 1.5-mm intervals, including the 1.5 mm

proximal and distal to the stent; (b) temporal area change after wingspan stent placement, at days 0, 7, 14 and 28, was demonstrated in comparison with the pre-

procedural area. Cited from [31], copyright 2014, with permission from Am J Neuroradiol.
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reaction degree of ‘foreign matter’ triggered by the exposure of the

strut is related to the persistence and sensitivity of individuals (see

section 3.1, if you want to learn more about ‘strut’).

As early as 10–15 min after stent implantation, recruitment and

aggregation of white blood cells can be detected in the stent area of

the coronary artery [63, 64]. Infiltration of white blood cells, plate-

lets and the change of the intimal lesion of the coronary artery result

in a significant increase of the cell membrane surface. Platelet activa-

tion induces fibrinogen receptors, and leukocytes increase the ex-

pression of intercellular adhesion receptor factor [64, 65]. The stent

can be covered with the neointima in 4 weeks. The rupture of the ar-

terial tear and the plaque fibrous cap, and the support of the stent to

the lipid core of the plaque can lead to enhanced inflammatory re-

sponse, intimal hyperplasia, and a greater risk of ISR [64].

Recently, it has been shown that the main pathological basis of

ISR is the activation, migration and proliferation of VSMCs with in-

timal hyperplasia [27]. Finding a drug that can effectively inhibit the

proliferation of SMCs and the growth and migration of ECs, or de-

veloping a new kind of DES that can restrain the proliferation of

smooth muscle and promote re-endothelialization may largely re-

duce the incidence of ISR.

Stent-induced alteration in hemodynamics

In normal coronary arteries, blood flow takes a form of laminar

flow, resulting in relatively high WSS on VECs. In the narrow sec-

tion of the coronary artery with AS plaques, magnetic resonance

imaging has been used to detect rapid increase in blood flow speed

with significantly enhanced WSS [66]. Distal to the atherosclerotic

stenosis, the WSS becomes relatively low due to the formation of

flow separation and vortices (Fig. 4a) [66]. Histopathological

changes in blood vessel wall, caused by either arteriosclerosis or

thrombosis formation on the atherosclerotic lesions, will alter the

geometry and the mechanical properties of the vessel, i.e. lumen nar-

rowing, deformation and reduced elasticity of the vessel. These

changes, in turn, lead to changes in hemorheological characteristics.

For instance, when blood flow comes to the narrow section of the

vessel, it may transit from laminar flow into turbulent flow depend-

ing on the degree of the stenosis, leading to abnormal HSS rate in

the vicinity of the stenotic throat, but rather LSS in the vortex flow

region distal to the stenosis. This is important because normal lami-

nar flow shear stress is antithrombotic and antimigration, which can

suppress atherogenesis. In contrast, disturbed flow with LSS is pro-

thrombotic and promigration, which can lead to the genesis/devel-

opment of AS (Fig. 4c) [67].

Stent implantation restores the stenotic lumen of the blood vessel

to the normal state of dredging [49, 64–77], so that the HSS at the

plaque stenosis will be reduced to the normal level with an improved

local blood flow [78]. However, the stent implantation will inevita-

bly cause some adverse hemodynamic changes in the lumen. For in-

stance, the stent implanted will reduce the compliance of the

vascular segment, leading to a compliance mismatch with other

parts of the blood vessel. The compliance mismatch will affect the

blood flow by creating flow separation zones. In addition, the intru-

sions of the stent struts (see section 3.1) into the lumen will also af-

fect the blood flow resulting in small eddies with LSS, which is also

pathogenic [66].

Strut wire
Finite element analysis shows that the stress distribution of a stent

after deployment is not uniform [79]. The major stressed areas occur

at the locations where the struts deform the most, such as the bend-

ing segment [80–82]. Stress concentration may result in fracture of

the struts. The worst fatigue most likely occurs along the lateral

edge of a strut. The stress leads to the erosion of the coating

(Fig. 5a) which leads to further degradation of stent effectiveness.

Currently, commercially available stents are manufactured using

mesh-wired tube with certain thickness. As mentioned previously,

the thickness of the strut leads to the formation of vortices or dis-

turbed flow. On one hand, disturbed flow with vortices may facili-

tate deposition of substances. On the other hand, due to the

intrusion of the stent into the vascular lumen, different stress distri-

bution of the proximal and distal end of the stent leads to changes in

hemodynamics. As shown in Fig. 5b, the high shear force in zone 1

can activate platelets, the activated platelet then will be trapped in

zone 2, leading to increased concentration of cell factors such as

PDGF (Fig. 5b).

Strut space
Different strut spaces lead to different stress distribution both at the

proximal and distal end of the strut [83]. In a stent with short strut

space, flow stagnation region between adjacent struts will overlap,

which is not the case for a stent with long strut space (Fig. 5c).

Compared with ‘rhombus’ stent, the ‘S’ type stent has lower ra-

dial stiffness, which results in less stress magnitude and radial dis-

placement of the arterial wall (Fig. 5c) [84]. In particular, strut

thickness and stent flexibility have been recognized to impact the de-

gree of injury, risk of rupture of the elastic laminae and overall in-

flammation, with a thicker strut generally leading to higher

inflammation and restenosis than the thinner one and open cell de-

sign [85]. Thus, we believe that the flower pattern of stent signifi-

cantly changes the flow direction, and further affects the alteration

in hemodynamic. Moreover, such a change certainly affects cellular

functions. However, to verify this statement, additional investiga-

tions are needed.

Compliance changes
Stent implantation changes the compliance of the blood vessel,

which also affects the hemodynamics in the blood vessel [86]. Stiff

metal struts compromise the geometry of the host artery leading to

long-term adverse hemodynamic conditions and chronic stimula-

tion, which further cause restenosis and clinical events [87–89]. For

instance, stent implantation not only alters the 3D configuration of

the host artery, but also alters the curvatures of its inlet and outlet,

which lead to the changes in local shear stress distribution [90]. To a

certain extent, these changes may explain the asymmetric mode of

the restenosis in scaffold.

Adverse hemodynamic alteration by stent implantation is only

one of the major factors leading to ISR. Since other forces can also

affect the surrounding mechanical environment of vascular cells, the

mechanism of the cellular response to its surrounding mechanical

environment alterations needs further studies. Furthermore, the al-

teration of mechanical environment after stent implantation may

postpone re-endothelialization that further leads to late thrombosis

formation. However, the vascular cells may not directly respond to

the force from external environment, perhaps in an indirect way or

other signals. Therefore, how to optimize the stent design to reduce

the degree of changes in vascular internal mechanical environment is

a problem for us to consider, such as trying different kinds of flower

patterns and softer scaffold materials.
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Mechanical microenvironment of stent vascular
segment

In this section, we will review the changes in the mechanical mi-

croenvironment of the host artery due to stent implantation and the

effects of these changes on vascular cells in an attempt to better un-

derstand the mechanism of ISR and late thrombosis formation.

The data show a clear impact of the vascular mechanical mi-

croenvironment on vessel cells. Figure 6a is a schematic drawing of

different stresses acting on the host artery by a single stent scaffold,

showing a clear impact of the vascular mechanical microenviron-

ment on vessel cells. As shown in Fig. 6, after stent implantation,

ECs of the intima and SMCs of the medium experience pressure

stress, tension stress, and flow-induced shear stress [69]. From this

viewpoint, ISR actually is a healing process of the arterial wall after

injury due to squeezing pressure by the stent wires. This process is

composed of three main steps: elastic recoil, vascular intimal hyper-

plasia and vascular remodeling. The cells in the adventitia and me-

dium can sense the mechanical changes in their surroundings

(mechanical environment) during the stenosis process accordingly

conduct mechanical signals and adjust their responses. For example,

the stent diameter can directly affect the circumferential stress (Z01,

Z02) of the artery that has an obvious impact on the intimal hyper-

plasia process. Both too large and too small diameters of the stent

can significantly increase the degree of intimal hyperplasia [70].

The axial tension (Z1, Z2) of the stent can also affect intimal

hyperplasia [71]. The stent will interfere with local flow altering the

distribution of flow-induced WSS (s0) [54]. The number, shape,

thickness and width of stent struts, the launched diameter and the

weaving mode of the stent can significantly affect the temporal and

spatial distribution of local flow patterns, hence the flow-induced

WSS [47]. Both animal experiments and clinical studies have found

that the flow shear stress is related to the degree of intimal hyperpla-

sia induced by vascular stent [72].

Numerical simulation analysis of the thrombus-induced spatial

WSS gradient with time suggests that stents cause a transient HSS

gradient after implantation and that the shear stress gradually re-

turns to normal 14 days after implantation (Fig. 6b) [73].

Although it has been recognized that ISR and late thrombosis are

mainly attributed to stent-induced mechanical microenvironment al-

terations, the regularity of the stent-induced mechanical changes in

the host artery is still far from clarified because most of the existing

studies regarding this aspect are based on very simplified models,

which cannot reflect the real dynamic scenarios of the host artery

with stent implantation. The future work can be based on the

changes in the mechanical microenvironment after the stent implan-

tation, which can affect the mediator and thus cause the ISR.

Improving evaluation means of mechanical microenvironmental

changes caused by the design of stent is conducted to better serve the

stent design and optimize the mechanical environment of vascular

stent.

Figure 4. Flow separations at a stenosis (a) or a stent strut (b) that predispose to or contribute to pathogenesis. Cited from [74], copyright 2009, with permission

from Nat Clin Pr Cardiovasc Med. (c) The influence of flow pattern and shear stress on the formation of AS.
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Figure 5. The influence factors of hemodynamic changes after stenting. (a) Finite element analysis of stress distribution after stent wire expansion. (b) Numerical

simulation of the stress distribution around scaffold. (c) The influence of scaffold distance on hemodynamics, the color scales are adjusted to accentuate the flow

patterns. Figure c cited from [91], copyright 2000, with permission from Ann Biomed Eng. (d) Stent strut of rhombus type and ‘s’ type.
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Conclusion and future perspective

It has been widely documented that ISR is mostly attributed to the

changes in mechanical microenvironment due to stent implantation

[5, 12]. Without in-depth understanding of these mechanical

changes regularity, it would be impossible to find targeted/effective

ways to resolve the two major problems of stenting, namely the re-

stenosis and late thrombosis. This is precisely what is lacking in the

existing literature. In the present article, we have summarized what

has been done up to now regarding this issue in a hope to attract the

attention of scholars.

ISR is a repair process of the arterial wall after mechanical in-

jury, consisting of elastic retraction, intimal hyperplasia and vascu-

lar remodeling [73]. In this process, vascular cells such as SMCs and

fibroblasts respond to stent-induced mechanical environment

changes by adjusting their phonotype and behavior. Under the con-

dition of angiosclerosis and reduced tensile stress, SMCs not only

change their phonotype from the contractile state to the synthetic

state, leading to vascular matrix degradation, but also proliferate or

migrate, causing the genesis or development of vascular lesions, re-

spectively [16]. In addition, the basal elastic modulus of SMCs

shows a positive correlation with spreading projection area.

Increased basal elastic modulus can promote SMCs proliferation or

migration, which has a positive correlation with ligand concentra-

tion of the ECM (especially fibronectin) [18]. Myofibroblast is one

type of fibroblasts with SMCs-like characteristics, which has strong

ability to contract, migrate and secrete ECM [20]. Not only fibro-

blasts, ECs and SMCs can differentiate into myofibroblast [21]. The

increase in elastic modulus caused by vasoconstriction, and a large

amount of ECM secreted by fibroblasts, causing SMCs hypertrophy

and proliferation [22], resulting in further vascular fibrosis.

Unfortunately, the occurrence time of muscle fibroblasts appearing

and apoptosis after stent implantation do not have the systemati-

cally thorough research. After stent implantation, effective inhibi-

tion of the proliferation and migration of SMCs may delay the

progression of vascular fibrosis and thus reduce the incidence of

ISR.

The delayed healing of EC layer after stent implantation is con-

sidered to be the key pathological event leading to late stent throm-

bosis. It is believed that the proliferation and migration of ECs in

uninjured artery segment might eventually repair the wounded EC

layer [92], but this process could be influenced by flow shear stress

and tensile stress [49], and also by vascular elastic modulus [50].

Obviously, stent implantation has significant adverse impacts on

these mechanical parameters, which hinder EC migration and inter-

rupts bone marrow-derived ESCs homing, proliferation and differ-

entiation. Moreover, stent implantation–induced local flow

disturbance itself can cause small plaque formation that slows down

endothelium healing and even causes endothelial dysfunction [53,

54]. Therefore, stent implantation may inevitably create an unfavor-

able mechanical environment for late thrombosis formation. Many

drugs that can availably promote endothelialization have achieved a

certain effect, but endothelial dysfunction and hemodynamic envi-

ronment changes in stented segment are still serious problems to be

solved, which put forward higher requirements of endothelial

growth promoting drug screening and rational design of the stent.

The immune cells in blood are regulated by flow shear stress

[93]. For instance, the migration and activation of lymphocytes are

regulated by shear stress via the integrin dependent pathway [94]. A

large number of EPCs, dendritic cells and neural crest derived cells

are found in the vascular neointima after stent implantation, but

nearly none in the media layer [95]. Therefore, it has been believed

that these three kinds of cells might play important roles in the for-

mation of new endothelial layer [96–98]. However, the role of the

interaction between ECs and dendritic cells in VSMCs and mecha-

nism of thrombosis formation induced by it under the conditions of

hemodynamic changes has not yet been elucidated.

To sum up, finding out how the vascular stent implantation

changes the biomechanical environment of blood vessels, thereby af-

fecting the formation of restenosis and late thrombosis, and its mo-

lecular mechanism is a scientific problem of great concern. Based on

this, future researches can be carried out from the following three

aspects. Presently, most of the work on this issue is based on simpli-

fied theoretical models, lacking in vivo experimental verification.

Theoretical models of the blood vessel and the stent after stent

Figure 6. Mechanical environment of vascular tissue near the scaffold. (a)

After expansion, stent filaments will cause damage to vascular endothelial,

then reach the smooth muscle layer through endothelium, adjacent stent

wires come about radial extrusion P1 and P2 on smooth muscle layer and

cortex, respectively, axial tension Z1 and circumferential tension Z01 on

smooth muscle layer, as well as axial tension Z2 and circumferential tension

Z02 on endothelium. Due to varying extension of smooth muscle layer and en-

dothelium, on the interface of which will come about shear stress s1 and s01,

meanwhile, this part of the endothelium will face the blood pressure P0 and

WSS s0 under the blood flow. (b) Spatial WSS gradient with time after stent

implantation. Figure b cited from [73], copyright 2002, with permission from
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implantation can be predicted by numerical simulation, but the in-

teraction between the stent and the blood vessel, blood vessel and

blood cannot be directly reflected. In the future, more realistic nu-

merical models are needed to elucidate the dynamic interaction be-

tween the stent and the host artery in terms of hemodynamic and

vessel WSS distributions including the distributions of flow shear

stress, the axial, radial and circumferential stress of vascular wall.

Then, based on the detailed information of stent-induced mechani-

cal environment changes obtained, systematic study should be de-

signed to clarify the responses of the vascular and vascular immune

cells to these mechanical stimuli, so as to build a more realistic

model where we could get more hypotheses. The model can be im-

proved when the new hypothesis is verified. Second, systematically

study the effects of mechanical environment changes on the physio-

logical characteristics of vascular cells (ECs, SMCs and fibroblasts),

cells (mainly dendritic cells) that are involved in vascular immune

system, and vascular EPCs that are involved in vascular injury re-

pair. Finally, systematically clarify the interactive relationship be-

tween mechanic-cell biological behavior and its biological

significance in ISR, and the relationship between mechanic-vascular

biological behaviors, explore the molecular mechanism involved in

the ISR and re-endothelialization. In this way, we may find targeted

and effective ways to resolve the two problems of stenting.
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