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2 AbstratThis theoretial/numerial study aims at assessing the hemodynami hanges indued byendovasular stenting. By using the lassial one-dimensional linear pressure waves theory inelasti vessels, we �rst show that the modulus of the reetion oeÆient indued by an en-dovasular prosthesis is most likely small sine proportional to the stent-to-wavelength ratio. Asa diret onsequene, the wall motion of the elasti (stented) artery an be presribed a prioriand the oupled uid-struture problem does not have to be solved for assessing the hemo-dynami hanges due to stenting. Several 2D axisymetri alulations are performed to solvethe unsteady inompressible Navier-Stokes equations on moving meshes for di�erent types of(stented) arteries. The numerial results suggest that endovasular stenting inreases the systo-diastoli variations of the wall shear stress (by 35 % at the middle of the stent, by almost 50 % inthe proximal transition region). Additional alulations show that over-dilated stents produeless hemodynami perturbations. Indeed, the inrease of the amplitude of the wall shear stressvariations over the ardia yle is only 10 % when the stent radius is equal to the radius ofthe elasti artery at systole (instead of being equal to the mean artery radius).



31. Motivation & ObjetivesAngioplasty with or without endovasular stenting is an established minimally invasive teh-nique that is used as treatment of olusive disease in medium to large arteries. It has beenapplied extensively in the oronary, renal, and peripheral vasular systems. The use of intravas-ular stents tends to lower the ompliation rate although restenosis rates as high as 15-30 %after 6 months have been observed in human oronary arteries (Rau et al. 1998; Serruys et al.2002). Coated stents eluting antimitoti agents suh as sirolimus and palitaxel inhibit intimalproliferation. Preliminary reports have showed extremely low rates of restenosis over the shortand mid-term (Morie et al. 2002; Grube et al. 2003). However, onsidering the long-standinghanges in wall mehanis indued by stent plaement, long term results of oated stents arestill required. Besides, a better understanding of the mehanial e�ets indued by stentingould lead to improved prosthesis with lower failure rates and smaller oating requirements (ifany). This study is a ontribution to this quest for better stent design.One possible explanation for the trend to restenosis relies on the hemodynami modi�ationsindued by the prosthesis. Changes in wall shear stress indue endothelial dysfuntion (Caroet al. 1969), ultimately leading to intimal hyperplasia and restenosis. Davies et al. (2001) suggestthat the magnitude of the shear stress is of seondary importane to the spatial and temporalutuations of this quantity. In vivo testing performed by Rolland et al. (1999); Vernhet et al.(2000, 2001) show that endovasular stenting indues a large modi�ation of arterial omplianeand thus may modify the propagation of arterial waves by introduing additional reetions.The �rst objetive of this study is then to assess the amount of pressure wave reetion due tostenting (setion 2). Another expeted e�et of the ompliane mismath indued by stenting isto modify the details of blood motion in the stented area. Spei�ally, the time-averaged (overthe ardia yle) wall shear stress might be hanged, as well as the level of its systolo-diastolivariations. The seond goal of this paper is to larify the amount of hanges in blood motion thatan be expeted in relation to endovasular stenting (setion 3). Previous studies have addressed



4the e�ets of stenting at a miro-sale level, inluding the geometrial desription of the strutsshape and spaing (Berry et al. 2000; B�enard et al. 2003). These studies provide informationrelevant to the hemodynami hanges immediately after stenting, before the wires have beenintegrated with the surrounding tissue. For example, the numerial results obtained by Berryet al. (2000) suggest that the ow may reattah downstream of the wires when the strut spaingis greater than about six wire diameters. On the ontrary, the present study is dealing withthe global e�ets of the ompliane mismath, negleting the details of the prosthesis struture.Instead of onsidering a rigid wall with a miro-sale geometrial desription of the struts shape(Berry et al. 2000; B�enard et al. 2003), we model the prosthesis as a uniform elasti tube with itsown ompliane. The results of this study are more relevant to long-standing stenting, after thewires have been integrated with the surrounding tissue. The reason for onsidering this pointof view is that intimal hyperplasia is ertainly a long lasting phenomenon ompared to theintegration of the stent wires by the vessel: for example, only one week after stenting, Robinsonet al. (1988) observed a nearly ontinuous endothelial and pseudo-endothelial ell layer on theluminal surfae of the stented rabbit aorta while intimal hyperplasia is only ompleted aftersix 6 to 12 weeks for this model. Therefore, a miro-sale analysis of the blood ow hangesinluding the struts details is only relevant to aute stenting e�ets. In this paper we onsider aomplementary point of view in order to provide relevant information about the long-standinghemodynami e�ets of stenting.
2. Pressure waves reetion due to stenting2.1. Basi equationsThe general one-dimensional equations desribing the pulsatile blood ow in ompliant arter-ies are well known sine the work of Hughes & Lubliner (1973). They desribe the evolutionof u and P , the averaged (over the ross setion of the artery) veloity and relative pressure



5respetively. Following Reuderink et al. (1989), the non-linear terms are often negleted. Fur-thermore, onsidering a segment whose ross setion area (A) and ompliane (A0 = dA=dP )do not depend on the spae variable x and letting P = P̂ exp(�j!t) and u = û exp(�j!t),where j2 = �1 and ! is the wave pulsation, the following Helmholtz equation an be derivedfrom the lassial linear wave equation:d2P̂ =dx2 + k2P̂ = 0 (2.1)The omplex wave number is k = p!(�! + jfv)A0=A, where � stands for the blood densityand fv is related to the visous drag and an be derived from the Womersley veloity pro�le(Womersley 1955). The omplex wave speed is  = !=k and the general solution within ahomogeneous segment is :P̂ = P+ ejk(x�x0)+P� e�jk(x�x0) ; û = k�! + jfv �P+ ejk(x�x0) � P� e�jk(x�x0)� (2.2)where x0 is the axial position of the left boundary of the segment and P+ and P� orrespondto the amplitude of the forward and bakward pressure waves. Their values are determined inorder to satisfy the boundary onditions at x = x0 and x = x0+L where L is the length of thesegment. 2.2. Modelling the endovasular stentingIn the purpose of modelling the wave reetion indued by an endovasular stent plaed inan elasti artery, three suessive homogeneous segments are onsidered, eah having its ownset of onstant area and ompliane (see �gure 1). Eah physial quantity in segment numberi (i = 1; 2; 3) is denoted with indie i. Conservation of the total ow rate and energy at theinterfaes 1� 2 and 2� 3 requires, for j = 1; 2:Aj ûj(x0j + Lj) = Aj+1ûj+1(x0j+1 ) ; P̂j(x0j + Lj) = P̂j+1(x0j+1 ) (2.3)Two boundary onditions at x = x01 = 0 and x = x03 + L3 are needed in order to losethe problem. In order to fous on the stent response, non-reeting boundary onditions are



6
Figure 1. Shemati of the three homogeneous segments used to build a model of stented artery asregards propagation and reexion.presribed at both sides, leading to P+1 = 1 and P�3 = 0. The four remaining wave amplitudes,viz. P+2 ; P+3 ; P�1 ; P�2 , are determined by solving Eqs. (2.3) for j = 1; 2. The omplex oeÆientof wave reetion due to the stent is then de�ned as Rstent = exp(�2jk1L1)P�1 =P+1 . After somealgebra one �nds out:Rstent = A2K2(A1K1 �A3K3)os(k2L2)� j(A1K1A3K3 � (A2K2)2)sin(k2L2)A2K2(A1K1 +A3K3)os(k2L2)� j(A1K1A3K3 + (A2K2)2)sin(k2L2) (2.4)where Ki = ki=(�! + jfvi). This theoretial result will serve as a support of the wall motionused in the numerial study.
3. Wall shear stress hanges due to stentingThe simple 1D analysis provided in setion 2 annot be used to gain insights about the detailsof the uid motion modi�ations related to artery stenting. Indeed, no reasonable assumptionregarding the shape of the veloity pro�le within the transition area an be formulated a prioriand the multi-dimensional Navier-Stokes equations must be solved (assuming Newtonian bloodrheology). The solver used in this study is based on the projetion method of Chorin (1967)with �nite element disretization and Arbitrary Lagrangian Eulerian formulation to handlemoving boundaries. This ode has been extensively validated by omputing lassial (Medi &Mohammadi 1999) as well as blood ow spei� test ases (Nioud 2002).



7
Figure 2. Shemati of the omputational domain.3.1. Computational domainSine our objetive is to investigate the global e�et of the ompliane mismath indued bystenting, the endovasular prosthesis is modelled as a uniform dut (the details of the strutsare not represented) whose wall is not ompliant. Suh "prosthesis" is inserted within an elastiartery with ompliant wall, as depited in �gure 2. The omputational domain is suÆientlyshort to assume onstant host artery harateristis and neglet the visous damping of waves.The ow rate entering the domain is taken as Q(xinlet; t) = Q0 + Q1exp(j!(t � xinlet=)),where ! is the pulsation, xinlet is the axial position of the inlet setion and Q0 and Q1 standfor the steady and pulsed parts of the ow rate. The mehanial and geometrial data wereobtained from animal experimentations performed by Vernhet et al. (2001): the pulsation is! = 8�, the mean artery radius is R0 = 1:5 mm, the distensibility oeÆient of the non-stented artery is A0=A = 20; 7 :10�6 Pa�1 and the length of the stent is Lstent = 13 mm.After stenting, aute measurements (Vernhet et al. 2001) show that the ompliane at the stentlevel is approximately three times smaller than in the non-stented vessel. Measurements madethree months later (Vernhet et al. 2003) show that long-standing stenting is also responsiblefor inreased ompliane values upstream from the stent, resulting in a larger ompliane ratioof order 5 to 6. In any ase, the ompliane at the stent level is several times smaller thanthat of the host vessel and has been negleted during this numerial study (rigid prosthesisassumption). Note however that there would be no fundamental issues in aounting for thewall motion at the stent level.



8 Atually, the motion of the vessel boundary results from the oupling between the uid andwall mehanis and the loal radius is mostly related to the pressure �eld. Suh a oupling isdiÆult to handle sine the density of blood and tissues are of the same order and beausethe rheology of the vessels is far from well understood. Under the linear elastiity assumption,Tortoriello & Pedrizzetti (2004) reently used a perturbative approah in order to replae theoupled uid-vessel problem by a asade of two simpler weakly oupled problems. In thisapproah, the �rst problem provides the exat solution into a rigid vessel, the seond oneapproximates the blood ow modi�ations due to the ompliant wall. Sine the wall shear stressis expeted to be very sensitive to the wall motion, we did follow a di�erent approah where thethe exat uid ow equations (and not their trunated linear expansion) are solved for. Sine weare mostly interested in the response of the uid mehanis to wall motion perturbations, theuid-wall oupling problem an be avoided by presribing the wall motion a priori. In abseneof reetion and in the ase of an elasti uniform artery whose mean radius is R0, the wallmotion indued by a propagative pressure wave of pulsation ! may be written as:R(x; t) = R0 �1 + �ej(!t�kx)� ; k = ! (3.1)where the wave number k is related to the speed of the (forward) pressure wave . Note that� = max(R(x; t)�R0)=R0, the relative amplitude of the radius variations, is a small parameterof the problem: it is zero for a perfetly rigid artery while the animal experiments of Vernhetet al. (2001) suggest � ' 0:05. The speed of propagation is �xed by stating that the non-stentedartery being uniform along the streamwise diretion, the mass ow rate at any setion x = Xshould be the time-lagged version of the mass ow rate at x = xinlet. The onservation of massapplied to the artery setor xinlet < x < X then implies that (Nioud 2002): = Q12A0� +O(1) ; A0 = �R20; (3.2)where O(1) is a term of order unity whih an be negleted sine  is of order 1=� aording toEq. (3.2). From the physiologial data obtained by Vernhet et al. (2001), the following values



9were used for the ow rate: Q0 ' 2413 mm3/s and Q1 ' 1761 mm3/s. Eq. (3.2) then leads to ' 2492 mm/s. With ! = 8�, the orresponding wavelength is � ' 623 mm. In the ase wherethe vessel is stented between x1 and x2 (see �gure 2), the wall displaement is virtually zeroed(fully rigid stent) for x1 < x < x2 and the following expression is valid for any axial positionand time : R(x; t) = R0 �1 + � f(x) ej(!t�kx)�+ (1� f(x))ÆRstent (3.3)where the damping funtion is f(x) = [1 � tanh(x � x1)℄=2 for x < (x1 + x2)=2 and f(x) =[1 + tanh(x � x2)℄exp(jk(x2 � x1))=2 for x > (x1 + x2)=2 and ÆRstent = Rstent � R0 is theamount of overdilation. Note that the term "overdilation" refers here to any ase where thestent radius is greater than the mean radius of the vessel before stenting R0. This is somewhatdi�erent from the linial pratie where the term "overdilation" orresponds to ases wherethe stent radius (after reoil) is greater than the maximum (systoli) radius of the vessel loseto the prosthesis (although the di�erene between mean and maximum radius an hardly bemeasured routinely). 3.2. Numerial resultsSeveral 2D axisymmetri simulations have been performed based on the omputational domainand wall motion desribed in setion 3.1. In all ases, the bulk Reynolds number based on thesteady part of the ow rate Q0 and the mean radius R0 is lose to Rb = 102. The Womersleynumber is W0 = 3:36. The veloity pro�le is imposed at the inlet setion x = xinlet followingthe Womersley solution in elasti tubes and a zero onstraint ondition is used at the outletsetion x = xoutlet. In order to assess the e�et of the inlet/outlet boundary onditions on theresults, omputational domains with two di�erent lengths have been onsidered. Two di�erentspatial resolutions were also used in order to assess the spatial disretization errors. The mainharateristis of the alulations performed are given in table 1 where �x is the grid spaingin the streamwise diretion in the area x1 < x < x2 and �r refers to the grid spaing in the



10radial diretion. Runs R1 and R2 orrespond to referene alulations without endovasularprosthesis, the artery being fully rigid (no wall displaement) for R1 and elasti for R2. LabelsR3(x) and R4 orrespond to runs with stenting, the overdilation being non zero only for thelatter where ÆRstent = �R0 (the stent radius is equal to the artery radius at systole). Reall thatthe term "overdilation" refers here to a stent whose radius is greater than R0 (see setion 3.1).For all the ases onsidered in table 1, the relative variation of the radius of the stented vessel(ÆR(x; t) � R0)=R0 is less than 5 %, whih is onsistent with the linear elastiity assumptionused to derive Eq. (3.1). When present, the stent is between x1 = 34 mm and x2 = 47 mm. Runswhose label ontains 'a' have been performed with a longer omputational domain than others.Labels ontaining letter 'b' orrespond to runs with �ner mesh in the streamwise diretion. Inall ases, four ardia yles were �rst omputed in order to reah a periodi state. A �fth ylewas then omputed in order to analyze the results and ompare the di�erent physial/numerialon�gurations. Comparisons of the runs R2, R2a and R3, R3a, R3b (not shown) indiate thatthere is no signi�ant e�et of the numeris in the stent region (Nioud 2002). The di�erenesobserved between R1, R2, R3 and R4 are thus relevant to the stenting e�ets.Time evolutions of the ow rate at inlet and outlet setions are displayed in �gure 3 forthe ase R2. The onstraint that was introdued in setion 3.1 in order to set the speed ofpropagation of the pressure wave is ful�lled satisfatorily. Indeed, the ow rate at x = xoutletis the signal at x = xinlet with a time lag lose to (xoutlet � xinlet)= ' 80=2492 ' 0:032 s. Inabsene of endovasular prosthesis, all the physial quantities are self-similar with the onstantspeed of propagation  along the omputational domain. Due to the wall displaement, Eq. (3.1),the wall shear stress (WSS) is not uniform over the streamwise diretion, as depited in �gure 4at four di�erent instants. Instead it is alternatively inreasing and dereasing along the domaindepending on the phase onsidered. In the ase where the vessel is not ompliant, there shouldbe no time lag between shear stress signals at di�erent loations sine the exat Womersleypro�le is imposed at x = xinlet. Aordingly, the WSS is mostly uniform (not exatly uniform



11Run Wall motion � ÆRstent xinlet xoutlet �x �r # of grid pointsR1 R(x; t) = R0 0:0 no stent 0 80 0:075 0:286 3528R2 Eq. (3.1) 0:05 no stent 0 80 0:075 0:286 3528R3 Eq. (3.3) 0:05 0:0 0 80 0:075 0:286 3528R4 Eq. (3.3) 0:05 0:075 0 80 0:075 0:286 3528R2a Eq. (3.1) 0:05 no stent �30 110 0:075 0:286 4368R3a Eq. (3.3) 0:05 0:0 �30 110 0:075 0:286 4368R3b Eq. (3.3) 0:05 0:0 0 80 0:050 0:286 5208Table 1. List of the axisymmetri alulations performed with their main numerial harateristis.Lengths and axial positions are in millimetres.
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R3 and R4) in the entral region. The isolines of the streamwise veloity show that the owaelerates when the ross setion area dereases. The e�et of the wall motion mismath onthe WSS is also shown in �gure 4. At systole, this quantity is larger in the medium part of thestented region (x ' 40 mm) than in the non-stented artery when the stent is not overdilated.This is onsistent with the fat that the ross setion area in R3 and at systole is smaller inthe prosthesis zone (see �gure 5). On the ontrary, when the stent is slightly overdilated, theWSS at systole is not drastially modi�ed by the prosthesis. Indeed, stenting does not indueany geometrial perturbation in this ase (see �gures 4 and 5, ase R4). At diastole, the rosssetion area at the stent level is larger and the WSS is smaller. Comparing the ases R3 andR4, we note that this e�et is ampli�ed by a slight inrease of the stent diameter. However, theimpat of the stent overdilation on the WSS modi�ation is not as pronouned at diastole thanduring systole.
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14the following �rst order expression for the reetion oeÆient:Rstent = j(1� �2)2� k2L2 +O(k22L22); � = A1K1A2K2 (4.1)This relation shows that the theoretial reetion indued by an endovasular prosthesis in-reases with both the pulsation of the wave and the length of the stent. Moreover, it is zeroas soon as � = 1, viz. A1K1 = A2K2. Assuming that visous and visoelasti e�ets an benegleted in the reetion proess makes � and k2 real numbers with � = pA1A01=A2A02 andk2L2 = !p�A02=A2L2. Equation (4.1) then leads to a onvenient formula to assess the amountof wave reetion : Rstent ' j!p� A2A02 �A1A012pA1A01 L2A2 (4.2)From this relation, the amount of wave reetion is related to the geometrial/mehanialmismath indued by the stenting, a stent shape fator L2=A2 as well as the ow onditions.This is oherent with the �ndings of Formaggia et al. (2001) who solved numerially the 1Dnon-linear ow equations in a distensible pipe with spatially variable ompliane. Sine theydid not onsidered harmoni signals, it is diÆult to dedue frequeny dependant reetionoeÆients from their simulations and ompare their numerial results with Eq. (4.2). However,in agreement with the present model, they learly established that the amount of reetioninreases with the stent shape fator and ompliane mismath. Finally, Eq. (4.2) shows thata stent satisfying the relation A2 = A1A01=A02 produes no wave reetion. Clearly, suh aprosthesis is not realisti sine experimental measurements have shown that A01=A02 is as highas 5 (see setion 3.1). However, sine the ompliane A02 of the stented artery is always smallerthan the ompliane A01 of the host artery, it follows from Eq. (4.2) that overdilation (A2 > A1)tends to redue the amount of reeted waves.Regarding the numerial results of setion 3, reall that the objetive of the study is to assessthe response of blood motion to geometrial perturbations indued by the ompliane mismath



15(itself indued by the presene of the prosthesis). To address this issue, it is relevant to on-sider the wall motion as an input and to look at modi�ations in blood ow when stenting isaounting for in the design of this input. Indeed, this approah provides valuable informationregarding the hemodynami hanges due to stenting while avoiding to solve the oupled, om-puter time onsuming uid-struture interation problem. Still, the design of the input wallmotion must be onsistent with the e�etive geometrial hanges observed experimentally. Eq.(3.3) has been used in this numerial study to model the wall displaement of an elasti stentedartery. It is oherent with the animal experiments (Vernhet et al. 2001) with respet to at leastthree important aspets of the endovasular stenting:� it assumes that the speed of propagation within the prosthesis is in�nite whih is onsistentwith the fat that the measured ompliane at the stent level is several times smaller than itsvalue before/after stenting,� using the approximation Eq. (4.2) and the numerial values provided in setion 3.1, themodulus of the reetion oeÆient under in vivo onditions is approximately jRstentj ' 2 %. Itis never more than a few perents if one onsiders the most unfavourable experimental valuesin Vernhet et al. (2001). As a result, the pressure �eld is mostly related to the forward pressurewave, whih justi�es the fat that no bak propagating wave is aounted for in Eq. (3.3).� although we do not laim that the hyperboli tangent is the "exat" funtional form of thebu�er region between the elasti artery and the stent, it is a reasonable andidate for modellingthe transition zone. Moreover, the analytial transition length is of order 3 mm (this is a diretonsequene of the damping funtion f(x)). This value is in agreement with the observationsmade during the animal experimentations and showing that the bu�er region is lose to onediameter long.Table 2 shows the values of the WSS at the middle of the stent, viz. x = (x1 + x2)=2 ' 40mm. The amplitude of this quantity over the ardia yle is larger for the stented vessel than itis for the elasti artery. It is worth noting that although the length of the stent is very small as



16ompared to the wavelength, the WSS amplitude in ase R3 behaves more like in ase R1 (fullyrigid tube) and less like in ase R2 (elasti tube). The slight overdilation of the prosthesis, byavoiding the inrease in shear stress at systole (there is no geometry disontinuity at systole forthe ase R4, see �gure 5), limits drastially the inrease in stress amplitude. Figure 4 in setion3.2 suggests that the most important ow hanges do not appear near the middle of the stent.This is indeed on�rmed by �gure 6 where the amplitude of WSS variations over the yle forases R3 and R4 is plotted as funtions of the axial position. Sine these quantities are saled bytheir value for the non-stented vessel (ase R2), this �gure o�ers a measure of the hemodynamihanges due to the prosthesis in ases R3 and R4. Note that near the stent middle, the valuesreported in table 2 are reovered. The maximal hanges are loated slightly downstream theends of the stent. Near the proximal edge, the WSS variation over the ardia yle inreasesby 50 % in amplitude whereas it dereases by roughly 20 % downstream the distal end ofthe prosthesis. The modulus of the spatial gradient of the WSS utuations is also drastiallyinreased in both edge regions. These �ndings might be related to the linial observation thatthere is a �rst-order edge e�et in some type of restenosis where intimal hyperplasia mostlydevelops near the stent ends (Weissman et al. 2001). Finally, �gure 6 suggests that a slightinrease in the stent diameter may redue drastially the WSS hanges indued by stenting.Notieably, the modi�ations near the transition regions for the ase R4 are smaller than insidethe stent.This theoretial/numerial study supports the idea that stenting an indue endothelial dys-funtion via hemodynami perturbations. Although the amount of pressure reetion is mostlikely negligible due to the small stent-to-wavelength ratio, the amplitude of the WSS variationover the ardia yle is alternatively inreased (by 35 % at the middle of the stent, by 50 %in the proximal transition region) and dereased (by 20 % in the distal transition region) bylong-standing stenting. Note that the later �ndings are in good agreement with reent resultsof Tortoriello & Pedrizzetti (2004). These authors, by using a perturbative method to solve



17Run min(WSS) max(WSS) �WSS �WSS=�WSSrunR2R1 0:39 6:72 6:33 1:29R2 0:72 5:62 4:90 1:00R3 0:42 6:98 6:56 1:34R4 0:22 5:66 5:44 1:11Table 2. Minimum, maximum and (saled) variations of the wall shear stress (WSS) for di�erentruns at the middle of the stent. Stresses are in Pa.

0 20 40 60 80
axial position (mm)

0.50

0.75

1.00

1.25

1.50

Sc
al

ed
 W

SS
 v

ar
ia

tio
ns

Figure 6. Saled amplitude of the wall shear stress utuations for runs R3 (solid) and R4(long-dashed) The two vertial lines denote the stent loation.the uid-tissue oupled problem numerially, have shown that stenting dereases the diastoliWSS. They attributed this result to the fat that, during diastole, the artery shrinks more thanthe sti�er stented region, whih is onsistent with �gure 5. They also found that the maximumof hanges is loated near the edges of the stent. However, in ontrast to �gure 4, they didnot observe a large inrease of systoli WSS. This seems to be a diret onsequene of thegeometrial bump that their stented artery experienes during systole at the prosthesis edges.This loal deformation, whih is related to the partiular spatial variations of vessel radius and



18ompliane that have been used by Tortoriello & Pedrizzetti (2004), is not present in our study.Our results suggest also that over-dilated stents produe less hemodynami perturbations:(1) from the pressure wave point of view, overdilation tends to lower the amount of reetion,the optimal overdilation being proportional to the ompliane ratio. With the typial amount ofompliane mismath observed after stenting (see setion 3.1), this result leads to an "optimal"over-expansion lose to 600 %. Of ourse this value is unrealisti for linial appliations. Itreets the fat that only aousti has been aounted for in the 1D model of setion 2 and thatstenting does not modify the pressure wave propagation drastially: reall that the reetionoeÆient is only a few perents beause the stent-to-wavelength ratio is always small in linialappliations. (2) the inrease of the systo-diastoli WSS utuations is only 10 % when the stentradius mathes the artery one at systole. Under in vivo onditions, the eÆieny of stentingdoes not depend only on hemodynamis and other e�ets must be aounted for. Regardingstent overdilation, an inreased intimal hyperplasia is always demonstrated (Vernhet et al. 2003;Shwartz et al. 1992) despite ontraditory linial onsequenes (Caixeta et al. 2000; Koyamaet al. 2000) are reported in the literature. However, it is likely that an optimum overdilation rateexists, whih limits the amount of hemodynami perturbations without induing unaeptablevasular strething. Further studies are neessary to larify this issue.5. ConlusionTwo simple models have been developed and used in order to study the hanges in bloodmotion due to long-standing stenting. The details of the stent struture were not aounted forbeause the objetive was to fous on the mid-term (after the wires have been integrated withthe surrounding tissue) e�ets of stenting on hemodynamis. Aordingly, the prosthesis wasmodelled as a uniform rigid tube embedded in an elasti artery and the e�ets of the omplianemismath have been studied.The �rst model is fully analytial and allow to assess the amount of pressure wave reetion



19due to stenting under the 1D assumption. An easy-to-use formula is provided in order to assessthe reetion oeÆient from the knowledge of the ompliane before and after stenting. Itis found that it is proportional to the stent-to-wavelength ratio and that the amount of wavereetion remains rather small in linial appliations. This result is the basis of the seondnumerial model developed in order to assess the wall shear stress hanges. In this approah,the fully oupled uid-struture problem is replaed by a simpler uid problem with movingboundaries. The amount of pressure reetion being small, a simple analytial law an be usedto desribe the wall motion over spae and time. The Navier-Stokes equations are then solvednumerially with an appropriate �nite element based method whih handles time dependentgeometries. The main result is that, due to stenting and the orresponding ompliane mismath,the amplitude of the wall shear stress variations is drastially inreased, by more than 30 % atthe middle of the stent, more than 50 % in the proximal transition region. These results supportthe idea that stenting an indue endothelial dysfuntion via hemodynami perturbations. Theyare also onsistent with the fat that intimal hyperplasia is often more developed near theedges of the stents. Finally, our numerial simulations indiate that the negative e�ets oflong-standing stenting on hemodynamis derease when the radius of the prosthesis is sligthlyinreased. REFERENCESB�enard, N., Coisne, D. & Perrault, R. 2003 Simulation of blood ow in stented artery: Bloodrheologial properties e�ets. In XXVIII Congr�es, Poitiers, Frane. Soi�et�e de Biom�eanique.Berry, J., Santamarina, A., Moore, J., Royhowdhury, S. & Routh, W. 2000 Experimental andomputational ow evaluation of oronary stents. Annals of Biomedial Engineering 28, 386{398.Caixeta, A., Brito, F. J. & Rati, M. 2000 High versus low-pressure balloon ination during multi-linktrade mark stent implantation: aute and long-term angiographi results. Catheter Cardiovas.Interv. 50, 398{401.Caro, C., Fitz-Gerald, J. & Shroter, R. 1969 Arterial wall shear and distribution of earlyatheroma in man. Nature 211 (223), 1159{1160.
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