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To date, angioplasty is the first choice treatment for arterial stenosis and short occlusion. 

Stenting improves both initial and long term results of angioplasty but does not avoid 

restenosis [1,2]. The native artery diameter appears to be a major factor of restenosis whose 

rate is dramatically higher in small diameter arteries. For instance, the actual estimated rate of 

restenosis after deployment of metallic stents in coronary arteries is about 30% [1-3]. 

Impressive results in lowering in-stent restenosis rate have been gained with drug-eluting 

stents during the last 2 years [4, 5]. However, a residual rate of restenosis has been reported, 

with predominant location at the stent edges [6]. The respective role of stent induced 

hemodynamical changes, decreased drug efficiency at the stent edges, and wall injury during 

stent impaction, remains to be assessed.   

The so-called compliance mismatch between the native artery and synthetic vascular 

substitutes is often reported as the main possible contributing mechanical factor of graft 

failure, especially in small caliber arteries [7-11]. Abrupt compliance change and concomitant 

non-laminar flow patterns may contribute to the early accumulation of thrombus and later 

neointimal thickening [12, 13]. Studying the intimal response to stenting in animal models, 

Barth et al. [14] and Sutton et al.[15] found a larger neointima thickness at the distal extremity 

of the stent than at its proximal or middle parts. Therefore, the predominantly distal location 

of intimal hyperplasia after stenting could be explained by a mechanical theory involving the 

compliance mismatch. In order to evaluate this hypothesis, it would be essential to assess the 

presence and degree of compliance mismatch between the native and stented parts of small 

caliber arteries. This paper reports some experimental and numerical studies developed 



recently to gain insight about the relationships between stenting, mechanical / hemodynamical 

changes and restenosis. Experimental in vivo results are presented first. 

 

 

Does arterial stenting induce compliance-mismatch? 

Vernhet et al performed an in vivo experimental study [16] to evaluate changes in mechanics 

after endovascular stenting in small diameters arteries. Using a surgical right femoral 

approach, self-expanding stents (Wallstent®,  Schneider, Switzerland ) were placed in the 

infra-renal aorta of five New-Zealand white rabbits. Blood pressure changes (∆P) were 

monitored in the aorta. Blood flow velocity was measured with a 20MHz pulsed Doppler 

probe and the Pulsatility Index (PI) was calculated. Aortic diameter and diameter changes 

were measured with a 20MHz probe in echo-tracking mode. This study demonstrated that 

arterial wall compliance and distensibility decreased at the stent level, and were then 

significantly lower than upstream and downstream. There was no significant change in PI. 

Therefore, endovascular stenting produces a significant decrease in arterial wall compliance 

and distensibility of the rabbit abdominal aorta. 

 

Are there differences between stents? 

The number of stent designs available on the market has dramatically increased during the last 

years in order both to improve feasibility and to decrease immediate and late restenosis. 

Presently, stents are characterized by their components, size and geometry, and their method 

of implantation. In vitro evaluation of the mechanical characteristics of stents has been 

extensively reported [10-13]. In 1999, Rolland et al [17] published and described impressive 

results regarding hemodynamics and arterial wall mechanics in large diameter arteries after 

stenting (swine iliac arteries). They demonstrated marked but varying, or even opposite, 

changes depending on the stent design. Vernhet et al.  [18] performed a study in small caliber 

arteries (with a diameter in the range of human coronary arteries) to compare three different 

stent designs: the balloon expandable, rigid Palmaz stent (Johnson and Johnson, Warren, NJ), 

the self-expandable, flexible Wallstent (Schneider, Bülach, Switzerland), and the balloon 

expandable covered Jostent (Jomed, Rangendingen, Germany), using the same experimental 

method [16]. Whatever the stent design, there was a marked compliance mismatch between 

the stented and non stented aorta. Unlike Rolland et al. results, no significant diameter 

compliance or distensibility coefficient difference was found between the 3 tested types of 

stents at all the studied levels. There are, indeed, marked differences between Rolland et al. 



and Vernhet et al. studies. Vernhet et al. investigated much smaller arteries than Rolland et 

al., and used a different technique, with a higher ultrasound frequency (20 instead of 10 

MHz), ensuring a 0.01mm spatial resolution, and echo-tracking instead of ultrasound time of 

flight, avoiding any mechanical constraint on the artery, whereas Rolland et al. used a silicone 

clip supporting two transducers positioned face to face around the vessel.   

 

Validation of the non invasive evaluation of compliance and distensibility. 

The evaluation of arterial wall mechanical characteristics is based on the measurement of 

diameter and systolo-diastolic diameter changes. This is most commonly achieved with high-

frequency ultrasound and the wall-tracking technique to measure the displacement of the near 

and far arterial walls during the cardiac cycle [19]. Alternatively, the ultrasonic transit-time 

method (the so-called sonomicrometry method) is used mainly in animal experiments, because 

it requires placing ultrasonic transducers on each side of the artery [17]. Moreover, the 

surgical approach itself induces acute and chronic changes in wall mechanics as reported in 

the literature [20]. The surgical approach is responsible for post-operative fibrosis, so that 

repeated measurements may be difficult, even in experimental studies on animals. Therefore, 

some authors rely on non invasive trans-parietal measurement with B-mode ultrasound, 

although this technique yields a lower spatial resolution. B-mode ultrasound appears a 

promising technique for the evaluation of endovascular stenting which, unlike vascular 

surgery, does not require surgical exposure of the vessel. Vernhet et al. validated a new 

computerized system processing real-time B-mode sonographic sequences for the automatic 

measurement of vessel diameter and diameter changes over time, and the calculation of 

arterial compliance and distensibility [21]. Therefore, longitudinal studies or repeated 

measurements in the same animal can be carried on. 

 

Impact of high pressure inflation during stenting 

The role of the luminal diameter obtained immediately after stenting in the occurence of 

restenosis after coronary stenting has been emphasized [22]. On the other hand, some authors 

have postulated that stent overdilatation causes deep vascular wall injuries and actually 

stimulates intimal hyperplasia and restenosis [23]. As changes in wall shear stress induce 

endothelial dysfunction [24], it seems important to investigate the mechanical factors that 

could trigger such changes. 



Vernhet et al. evaluated the wall mechanics changes induced by stent overdilatation in a 

model of small caliber artery: the infra-renal rabbit aorta [25]. A significant decrease of 

diameter compliance, distensibility coefficient, and aortic diameter was found between the 

native artery and the aorta downstream from the stent after stent overdilatation. Spasm caused 

by overdilatation of the artery may be responsible for this decrease in diameter downstream 

from the stent. However, spasms are common but transitory effects of overdilatation in human 

clinical practice. The hypothesis of a hemodynamic effect related to stent overdilatation is 

questionable. By worsening the compliance mismatch, stent overdilatation may enhance the 

reflection of the pulse wave upstream from the stent, and result in a decrease in pulsatility 

downstream from the stent, but this mechanism is probably not predominant, since the stent 

length is relatively small compared to the arterial pulse wavelength. Nevertheless, the main 

cause of compliance mismatch is the dramatic decrease of compliance found at the stent level 

itself. Therefore, the slight and maybe transitory decrease in compliance observed 

downstream from the stent could not void or even reduce the compliance mismatch. 

 

 

 

Long term effect of stent placement on wall mechanics 

By impairing arterial wall mechanics, stents are responsible for disturbed flow. The 

biomechanical hypothesis is that flow disturbances are associated with changes in wall shear 

stress and endothelial function stimulation, ultimately leading to intimal hyperplasia. Vernhet 

et al. evaluated long term wall mechanics changes and related histo-pathologic changes 

induced by stent placement in small diameter arteries [26]. They found that endovascular 

stenting of the rabbit aorta impairs wall mechanics and that performing 30% stent 

overdilatation does not worsen this impairment but induces greater intra-stent intimal 

hyperplasia. A marked decrease in wall distensibility was observed immediately after stent 

deployment at the stented arterial segment and was a chronic, long-lasting phenomenon. Long 

term mechanical adaptative changes of the host artery were found upstream from the stent. 

The increase in distensibility upstream from the stent could result from flow stagnation 

induced by compliance mismatch at the junction between the host artery and the extremity of 

the stented artery. 

 

Correlation between compliance mismatch and intimal hyperplasia 



Wall mechanics changes may not be sufficient to explain a greater intimal thickening after 

stent oversizing (overdilatation) since no additional decrease in compliance and distensibility 

was found [26]. Schwartz et al argued that the degree of direct vascular injury could be 

responsible for the magnitude of the increase in intimal thickness, because the amount of 

intimal hyperplasia was higher when the injury score was higher [23]. Another hypothesis is 

that higher inflation pressure causes markedly larger surface contact areas and contact stresses 

between endothelium and stent-struts, that greatly stimulates the endothelial function [27].  

 

Effect of compliance mismatch on hemodynamics, shear stress and endothelial 

dysfunction 

Due to the lower shear rate observed between struts and the presence of stagnation zones 

between stent struts [27, 28], the particles residence times would be higher in the stagnation 

zone, stimulating endothelial function.  Proliferation of arterial smooth cells in the media and 

neointima may be an adaptative remodeling response to compliance mismatch, leading to 

restenosis at the stent extremities. 

Stenting was reported to induce shear stress changes in in vitro as well as in vivo studies. 

Moreover, Wentzel [29], in a clinical study with intra-vascular sonography, have 

demonstrated that the thickness of intimal hyperplasia inversely correlates with the intensity 

of shear stress. Carlier et al. [30] demonstrated that higher shear stress induced decreased 

intimal hyperplasia, may be through reduction of inflammation.  

 

Does compliance mismatch exist in stented human pathological arteries? 

Compliance mismatch has been previously demonstrated in atheromatous animal models [31]. 

Human atheroma differs from the minimally calcified atheroma induced by diet and intima 

abrasion in New Zeeland rabbits. Subsequent differences in wall mechanics may be expected. 

Vernhet et al. evaluated 15 patients 3 months or more after placement of a Carotid Wallstent® 

(Schneider, Switzerland ) in the extracranial carotid artery for the treatment of significant 

carotid stenosis [32]. B-mode ultrasound examination was performed with a 7.5MHz probe on 

the stented carotid artery and on the contra-lateral internal and common carotid arteries. 

Carotid diameter and systolic diameter changes were measured using a dedicated image 

processing system (IÔ V3.1, IÔDP, Paris), while pulse blood pressure was measured. The 

evaluation could be completed in 8/15 patients. Compliance was significantly lower at the 

proximal, mid and distal stent level, than upstream, downstream or on the contra-lateral 

internal and common carotid artery.  Stenting pathological human carotid arteries induced a 



compliance mismatch between the native carotid artery and the stented segment. Although the 

underlying diseases (atherosclerosis, radiotherapy, dysplasia) may, to some extent, reduce 

arterial wall compliance and distensibility [33], the dramatic additional decrease in 

compliance and distensibility after stenting always resulted in a marked compliance 

mismatch.  

 

Does stenting produce significant pressure wave reflection? 

The general one-dimensional equations describing the pulsatile blood flow (mass and 

momentum conservation) in compliant arteries are well known since the 70's [34]. Although 

these equations are non-linear, it has been shown that a better overall accuracy is reached by 

using a linear formulation. The main reason for this unexpected result is that the linear 

equations can be solved in the Fourier space so that the viscoelastic wall behaviour can be 

accounted for easily by letting compliance be dependant on the frequency of the 

velocity/pressure fluctuations [35]. Considering a sector whose diameter and compliance do 

not depend on the axial position, the classical wave (Helmoltz) equation can then be derived, 

showing that the pressure fluctuations result from the superposition of two waves travelling in 

opposite directions. In the purpose of modelling the wave reflection induced by an 

endovascular stent placed in an elastic artery, three successive homogeneous segments can be 

considered [36], each having its own set of constant area and compliance. A convenient 

formula to assess the amount of wave reflection induced by the stent (and associated 

compliance mismatch) can then be derived analytically. The modulus of the reflection 

coefficient is found to be approximately equal to  
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where f  is the frequency of the pulsation, � is the blood density, C is the compliance, R is 

the radius of the (stented) artery and Ls is the length of the stent. Indices “s” and “a” stand for 

the stented and the non-stented artery respectively. From this relation, the amount of wave 

reflection is proportional to the geometrical / mechanical mismatch 

( ) asassaa CRRCRCR /22 −  induced by the stenting, the stent shape factor ss RL /  as well as 

the flow conditions. It increases with both the frequency of the wave and the length of the 

stent. Moreover, a stent satisfying the relation saas CCRR /=  would produce no wave 

reflection. Clearly, such a prosthesis is not realistic since experimental measurements have 



shown that sa CC /  is as high as 5. However, since the compliance of the stented artery sC  is 

always smaller than the compliance aC  of the host artery, it follows from this simple model 

that overdilation ( as RR > ) tends to reduce the amount of reflected waves. Using typical 

values for the geometrical / mechanical characteristics of the artery and the stent as well as for 

the pulsation frequency and blood density, the above relation for the reflection coefficient 

shows that only a small part (a few percents) of the incident pressure waves is reflected by the 

stent. From a physical point of view, this result is related to the fact that the stent-to-

wavelength ratio is always small in clinical applications, meaning that endovascular 

prosthesis, although less compliant than the host artery, cannot modify the wave propagation 

drastically.  

 

Does stenting modify wall shear stress (WSS) significantly? 

Measuring the space-time evolutions of the wall shear stress under in vivo conditions is very 

challenging due to technological difficulties. Using numerical techniques to obtain 

quantitative data regarding the hemodynamic changes after stenting thus appears as a natural 

option. In these approaches, the Navier-Stokes equations which describe the evolutions of the 

blood velocity and pressure fields are discretized over space and solved by using appropriate 

finite elements based algorithms. The changes in geometry over the cardiac cycle are usually 

accounted for thanks to an Arbitrary Lagrangian Eulerian formulation while a projection 

method is most often used to impose the divergence free constraint on the velocity field (a 

direct consequence of the blood incompressibility) [37]. 

 

Two types of stent modelling have been considered so far. Most studies have addressed the 

effects of stenting at a micro-scale level, including the geometrical description of the struts 

shape and spacing [38,39]. These studies provide information relevant to the hemodynamic 

changes immediately after stenting, before the wires have been integrated with the 

surrounding tissue. Noticeably, they suggest that the flow may reattach downstream of the 

wires when the strut spacing is greater than about six wire diameters. On the contrary, other 

studies have dealt with the global effects of the compliance mismatch, neglecting the details 

of the prosthesis structure. The prosthesis is then modelled as a uniform elastic tube with its 

own compliance. The results of such studies are more relevant to long-standing stenting, after 

the wires have been integrated with the surrounding tissue. The reason for considering this 

point of view is that intimal hyperplasia is certainly a long lasting phenomenon compared to 



the integration of the stent wires by the vessel: for example, a nearly continuous endothelial 

and pseudo-endothelial cell layer can be observed on the luminal surface of the stented rabbit 

aorta only one week after stenting while intimal hyperplasia is only completed after six 6 to 

12 weeks for this model [40]. However the wall motion must be accounted for when the stent 

is seen as a compliant element, which makes the numerical analysis more difficult. 

 

The motion of the (stented) vessel boundary results from the coupling between the fluid and 

wall mechanics and the local radius is mostly related to the pressure field. Such a coupling is 

difficult to handle since the density of blood and tissues are of the same order and because the 

rheology of the vessels is far from well understood. Under the linear elasticity assumption, a 

perturbative approach can be used [41] in order to replace the coupled fluid-vessel problem by 

a cascade of two simpler weakly coupled problems. The first problem provides the exact 

solution into a rigid vessel, the second one approximates the blood flow modifications due to 

the compliant wall. If we are mostly interested in the response of the fluid mechanics to wall 

motion perturbations, the fluid-wall coupling problem can be avoided by prescribing the wall 

motion a priori. Indeed, in the case where the stent does not introduce large pressure wave 

reflections and under the linear elastic assumption, the wall motion is mostly given by a single 

propagative wave and can be described analytically [42]. Under typical flow and mechanical 

conditions obtained from animal experiments, the numerical results show that the amplitude 

of the WSS variation over the cardiac cycle is alternatively increased (by 35 % at the middle 

of the stent, by 50 % in the proximal transition region) and decreased (by 20 % in the distal 

transition region) by long-standing stenting. This supports the idea that stenting can induce 

endothelial dysfunction via hemodynamic perturbations. Numerical simulations performed for 

over-dilated stents also indicate that the negative effects of long-standing stenting on 

hemodynamics decrease when the radius of the prosthesis is sligthly increased [42,43]. 

 

 

Perspectives 

Experimental in vivo studies of the relationships between compliance mismatch and shear 

stress changes along a stented artery are under progress. Because the measurements 

uncertainties are large due to technological difficulties, systematic comparisons between 

measurements and mathematical / numerical models are warranted in order to draw definite 

conclusions. 



Despite new pharmacological progress such as drug-eluting stents, the restenosis rate did not 

reach zero, especially in peripheral arteries, for example femoral arteries, in selected 

populations such as diabetics, and in very small calibre arteries. Optimizing stent design is 

still warranted and should be based upon an improved comprehension of stent-artery 

interactions. Low-order physically meaningful numerical / analytical models for stented 

arteries would be essential in the development of appropriate optimization loop in order to 

decrease the number of in vivo testing. Such model should incorporate both small-scale (at the 

struts level) and large-scale (e.g.: global equivalent compliance) information about the 

prosthesis. 
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