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Compliance of Textile Vascular Prostheses Is a Fleeting Reality
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Compliance is considered to be a major property influencing the long term performances of synthetic vascular substitutes that could play a role in anastomotic false aneurysm and intimal hyperplasia stenosis onset. In this in vitro model, it was shown that polyethylene terephthalate textile graft compliance already decreases significantly within 3 hours. The rapid loss of compliance identified in this experimental study helps explaining the mismatch mentioned in clinical observations. This study informs vascular surgeons about how

INTRODUCTION

Synthetic vascular grafts (VGs) were introduced about 50 years ago. [START_REF] Chakfé | Vascular graft prosthesis[END_REF] Since then, researchers and manufacturers have attempted to develop generations of materials which could mimic native arteries in terms of thrombogenicity and mechanical properties. [START_REF] Rosset | Viscoelastic properties of human arteries. Methodology and preliminary results[END_REF] One critical mechanical property of a VG is compliance, which corresponds to its ability to expand over the systolic-diastolic loading cycle. Compliance can be described as the link between intraluminal pressure and arterial wall deformation. [START_REF] Patel | A review on atherosclerotic biology, wall stiffness, physics of elasticity, and its ultrasound-based measurement[END_REF] It corresponds to the capacity of a vascular structure to absorb cardiac ejection. Over the years, different materials and designs have been considered for the construction of vascular substitutes, without strong recommendation on which synthetic material to favour in absence of suitable autologous material. [START_REF] Aboyans | Editor's Choice -2017 ESC Guidelines on the Diagnosis and Treatment of Peripheral Arterial Diseases, in collaboration with the European Society for Vascular Surgery (ESVS)[END_REF][START_REF] Conte | Global Vascular Guidelines on the Management of Chronic Limb-Threatening Ischemia[END_REF] Expanded polytetrafluoroethylene (ePTFE) and textiles obtained from polyethylene terephthalate (PET) are the technologies of choice used by surgeons today. [START_REF] Guidoin | Aneurysmal deterioration of vascular substitutes[END_REF] Textile PET VG are used in particular for the reconstructions involving middle-sized and large diameter vessels. These devices, which are made from woven or knitted fabric, present some limitations as they fail to mimic the mechanical properties of arterial vessels. Basically, VGs are in general not deformable enough to prevent compliance mismatch, [START_REF] Kinley | Compliance: a continuing problem with vascular grafts[END_REF][START_REF] Abbott | Effect of compliance mismatch on vascular graft patency[END_REF][START_REF] Weston | Compliance and diameter mismatch affect the wall shear rate distribution near an end-to-end anastomosis[END_REF][START_REF] Tai | Compliance properties of conduits used in vascular reconstruction[END_REF] especially at the level of the anastomoses. This mismatch can be responsible for pathologies such as false aneurysm, [START_REF] Downs | Etiology of prosthetic anastomotic false aneurysms: pathologic and structural evaluation in 26 cases[END_REF][START_REF] Gaylis | Anastomotic aneurysms: facts and fancy[END_REF][START_REF] Chakfé | In vitro approach to the dilative behavior of knitted vascular prosthetic grafts[END_REF][START_REF] Mehigan | Is compliance mismatch the major cause of anastomotic arterial aneurysms? Analysis of 42 cases[END_REF] intimal hyperplasia and anastomotic stenosis. [START_REF] Okuhn | Does compliance mismatch alone cause neointimal hyperplasia?[END_REF][START_REF] Abbott | Does compliance mismatch alone cause neointimal hyperplasia (letter)?[END_REF][START_REF] Hasson | Increased compliance near vascular anastomoses[END_REF][START_REF] Sarkar | The mechanical properties of infrainguinal vascular bypass grafts: their role in influencing patency[END_REF] All these issues lead to VG failure. [START_REF] Chakfé | Longitudinal ruptures of polyester knitted vascular prostheses[END_REF][START_REF] Chakfé | Impregnated polyester arterial prostheses: performance and prospects[END_REF] In order to optimise the VG performances, their mechanical behaviour has already been studied by several groups. [START_REF] Hasegawa | Mechanical properties of synthetic arterial grafts[END_REF][START_REF] Lee | Anisotropic tensile viscoelastic properties of vascular graft materials tested at low strain rates[END_REF][START_REF] Salacinski | The mechanical behavior of vascular grafts: a review[END_REF] Moreover, standards have been defined to better characterise these devices. [START_REF]International standard ISO/DIS 7198: 1998 -Cardiovascular implants -tubular vascular prostheses[END_REF][START_REF]International standard ISO/DIS 7198 : 1998 -Cardiovascular implants -Tubular vascular prostheses[END_REF] However, not much is really known about the effective compliance of commercial devices. In particular, how the compliance evolves with time has not been studied much yet. The goal of this paper was to test the compliance of various VGs on a specific equipment already described previously in literature [START_REF] Khoffi | A development of a technique for measuring the compliance of the textile vascular prostheses[END_REF][START_REF] Lucereau | Relation between tensile tests and compliance in polyester textile vascular graft[END_REF][START_REF] Khoffi | Compliance properties of collagen-coated polyethylene terephthalate vascular prostheses[END_REF] in order to measure the compliance evolution over time under cyclic loading conditions.

MATERIALS AND METHODS

Vascular graft samples considered in the study

Three different models of commercially available knitted VGs (P1, P2, and P3) obtained from polyethylene terephthalate (PET) material were studied. Models and brands were kept anonymous in order to avoid irrelevant marketing interpretation since no exhaustive evaluation of all the models commercially available was performed. The samples were all knitted, crimped, and divided in two groups: non-coated and collagen coated. All specimens were 80 mm long and their characteristics are given in Table 1.

It is to be noted that P1 was characterised by a crimp configuration obtained from independent circular grooves, while and P2 and P3 were characterised by one unique helical groove running all along the prosthesis. Before tests were carried out, all these VGs were conditioned for implantation and available in their coated configuration. In order to assess if the coating would tend to rigidify the prosthesis by increasing the modulus on one side and reducing the compliance on the other, uncoated samples were also considered. These latter were obtained by removing the coating with successive baths of sodium hypochlorite 2.6% according to the laboratory protocol. [START_REF] Abbott | Does compliance mismatch alone cause neointimal hyperplasia (letter)?[END_REF] Finally, for each VP model, two diameters (6 and 8 mm) were considered. Figure 1 summarises the configurations tested for each model. Moreover, in order to consider the influence of the extension undergone by the graft when implanted, two longitudinal loading configurations were considered: (1) with no load and (2) with a 0.4 N pre-load (value defined by the ISO7198 standard).

Compliance measurement

The three different groups of VG (P1, P2, P3) were tested under a 60 -140 mmHg pulsed pressure range (2 Hz) at 37°C. The testing bench used is represented in Figure 2. In order to assess the compliance of the samples over cycling, diameter variations were measured using a camera (Stingray, Allied Vision, Exton, USA). Images were analysed with a dedicated software (Image J, NIH Image, USA). Moreover, four angular positions were considered over the whole circumference of the samples (0°, 90°, 180°, and 270°) in order to account for specimen variability. Diameters were measured in six locations along the length of the VG for the same reasons. Average diameter values were then calculated and variation coefficients were assessed (percentage). In order to assess the influence of time on the compliance evolution, measurements were made at time 0, and after 3, 6, and 24 hours.

Compliance was considered and calculated at three levels: radial (Cr), longitudinal (Cl) and volume (Cv) for each sample according to the formula: C = 100 . ∆X/∆P, where C = compliance in %/mmHg; ΔX = X140-X60; X = D: outside diameter (mm), or L: length (mm), or V: volume (mm3); ΔP = pressure variation Statistical analysis was based on a Student t-test (p = .050) and variables were described by mean and variation coefficients.

RESULTS

Evolution of the compliance with time

Figure 3 shows the results observed for P1 (6 mm, non-coated, no pre-load) regarding the compliance evolution (radial, longitudinal and volume) at the various considered time intervals (begin H0, 3 hours H3, 6 hours H6, 24 hours H24).

One can observe a significant compliance loss already 3 hours after the start of the experiment for every compliance pattern: 39% (from 0.081 to 0.05), 35% (from 0.056 to 0.036), and 37% (from 0.073 to 0.047) respectively for Cr, Cl, and Cv. Moreover, after 24 hours, the compliance drops drastically: up to 63%, 60.5% and 61% respectively for Cr, Cl and Cv.

Influence of the diameter

Figure 4 compares the results obtained for P1 (non-coated, no pre-load) for both diameters 6 and 8 mm. At the beginning of the test, the radial compliance was nearly twice as large for the 8mm diameter sample (0.021 vs. 0.008) while no difference could be observed longitudinally. Results demonstrate that after 3, 6 and 24 hours of cycling, the compliance drops more significantly for the larger diameter (100% from 0.021 to 0 vs. 65% from 0.008 to 0.003).

Influence of the design

When comparing the three VG designs (P1, P2, and P3 non-coated and no pre-load) it can be observed in Figure 5 that the radial compliance evolves in a similar way for P1 et P2. Values decrease respectively from 0.0081 and 0.0186 down to low values for these samples (0.03 and 0.0016 respectively). Conversely, with respect to P3, the compliance value is already larger when the experiment starts (0.025) and remains significant after 24 hours cycling (0.008).

The compliance drop was accompanied by a drop in the crimp frequency (number of ridges per centimetre over the graft length) for all samples. P1, P2, and P3 were characterised respectively by 3.9, 6.8, and 4.2 crests/cm before starting the experiment.

After cycling values went down to 3.3, 5, and 3.4 crests/cm corresponding to respectively 15.4%, 26%, and 19% crimp frequency loss (decrease in the number of ridges per centimetre).

Regarding the evolution of the longitudinal and volume compliances after 24 hours cycling time, average results are summarised in Table 2.

While P2 is globally more compliant at the beginning of the test, differences become less significant after 24 hours of cycling.

Influence of the coating

According to Figure 6, which compares the compliance of a coated and a non-coated P2 VG (6 mm, no pre-load), the coating seems to help maintain the radial compliance up to 24 hours. Actually, after 24 hours, the coated sample keeps around 70% of its initial compliance (0.01 at H24 vs. 0.015 at test begin) while the uncoated sample undergoes a 90% compliance drop (from 0.018 to 0.0016).

Regarding the evolution of the longitudinal and volume compliances for P2, results

show that coated and non-coated VG behave in a similar way (Table 3). Both samples show up to over at least 75% compliance loss after 24 hours of cycling.

Influence of the pre-load

Figure 7 shows that with a pre-load applied on P1 (8 mm, non-coated), some compliance remains after 24 hours cycling compared with a free end configuration (20% vs. 0%).

Evolution of the VG diameter over cycling

The loss of compliance observed for all models of VG was in correlation with an increase in diameter over cyclic loading. Actually, the textile construction tended to get loose after 24 hours in all samples, which led to diameter increase by 1.74%, 2.98%, and 3.72% for P1, P2, and P3 respectively.

DISCUSSION

The results presented in this study bring out significant data about the evolution of compliance in VG solicited under cyclic pressure loading.

The analysis shows that whatever sample configuration was tested, all prostheses underwent drastic compliance loss after 24 hours of cyclic loading. When applying cyclic pressure on a knitted tubular fibrous construction, yarns tend to rearrange within the fabric in an irreversible way towards diameter increase. In knitted constructions, yarns are less tightly bound to each other than in a woven ones. [START_REF] Guidoin | Aneurysmal deterioration of vascular substitutes[END_REF][START_REF] Kinley | Compliance: a continuing problem with vascular grafts[END_REF] Under stress, yarn movements are possible that tend to change the global arrangement. Once the diameter is larger, new zones of contact between yarns are created where the applied friction forces prevent the material from going back to its initial configuration. A balanced irreversible arrangement is reached when the diameter enlarges. In that final configuration, the deformability of the fabric is reduced as yarns are more straight in the construction. Compliance is consequently limited after cycling.

The phenomenon is amplified when the VG diameter is larger as can be observed in Figure 4. Compliance drops by nearly 100% for the 8 mm VG and 65% for the 6 mm.

Basically, from a mechanical point of view, the radial stress on the VG wall is proportional to the diameter. Thereby, larger radial deformation occurs in the 8 mm samples. Regarding the longitudinal compliance no significant differences could be observed as the longitudinal stress is half as important as the radial stress. It means that efforts to create more compliant VG designs should focus on small diameters VG, those that actually require improvements.

With respect to the VG models (Fig. 5), large differences could be observed. These can be directly related to the differences observed in the textile construction design as well as in the crimping pattern. P3 appeared to be the radially most deformable sample while P1 was the least. Basically, the knitted structure is less tight in P3 as is confirmed by the respective extension modulus values (6.5 MPa for P3 vs. 7.6 MPa for P2 and 13.1 MPa for P1). The more compliant P3 sample is characterised by looser and more deformable yarn arrangement. The tighter is the fibrous construction, the less deformable is the VG, which is the case for P1 and P2.

Moreover, the crimping pattern can also be considered as having some influence on the compliance property lifetime. When comparing P1 and P2, both characterised by a circular crimping geometry while the ridge density was larger for P2 (6.8 vs. 3.9), no significant difference can be observed regarding the compliance drop. The P2 VG was more radially deformable at the start due to larger ridge density. However, after being cycled, the textile construction relaxes towards a balanced irreversible yarn arrangement as described previously. The initially curved yarns become more straight in the knit of both P1 and P2, and no additional deformation is possible. The crimping ridges become flattened with time in both samples. Conversely, P3 appears to be more compliant than P1 (30% compliance left,) after 24 hours despite similar ridge density (4.2 vs. 3.9 respectively). This can be explained by the helical geometry of the crimp in P3, while for P1 the crimping is circular.

When P1 is under pressure, circular crimps behave independently and move away from each other and the VG extends while the crimping level goes down with time. Conversely, helical crimping generates some coupling effect between the crimps along the VP. The unique helical crimp groove tends to extend when the pressure is applied. However, all the apparent local crimps being related to neighbour crimps in the same helical geometry, it is more difficult for them to move away from each other. This generates a spring back effect and makes the material more compliant even if the compliance drop cannot be avoided.

When considering the longitudinal compliance, one could observe that P2 was characterised by better deformability than P3. Actually, the circular crimping in P2 is more deformable than the helical crimping in P3. Moreover, the larger number of ridges in P2 (6.8 vs. 4.2 for P3) contributes also to larger deformability. However, longitudinal compliance doesn't have much significance in vivo. The VG being attached on both sides and sheathed in fibrotic tissue, the main role of crimping is to prevent kinking. These results demonstrate that the fabric structure and the design of the crimping can influence the properties of a specific VG and that vascular surgeons should be more aware on that before choosing a specific device.

Another significant observation could be made regarding the effect of the coating on the compliance evolution (Fig. 6). Coated samples remained more compliant after 24 hours of cycling (0.01% vs. 0.0016% for the non-coated). It seems that the coating plays a spring back effect on the textile structure to a certain level as it prevents irreversible yarns sliding movements, making the textile construction more elastic. This point is very important to take into account since impregnation matrices are biodegradable and that the speed of degradation as well as the type of coating (surface coating versus impregnation) can modify the speed of rearrangement of the textile structure depending on the porosity of the uncoated structure. A highly porous structure could be more prone to dilatation without any more compliance once the coating is degraded.

At last, the results showed that the long-term compliance is improved when a VG sample is under pre-load (Fig. 7). Actually, in that configuration, the longitudinal deformation becomes limited. Thereby, radial deformations, which occur over cyclic loading are more elastic as yarns oriented in the VG axis direction are already under slight tension, and consequently less deformable. However, even in that configuration, the final deformability after 24 hours remains limited (0.008%/mmHg). Vascular surgeons always apply tension to the graft to try to reach the property of usable length given in the standards. Here it was decided to arbitrarily use no tension or the tension proposed by the standards. However, the data suggest that this ideal tension to apply to a VG to get its optimal performance once implanted, is probably different depending on the textile structure as well as the crimping.

Results show globally a significant loss of compliance (radial, longitudinal and volume) which is difficult to limit whatever the design parameters that are modified. Nevertheless, a coated circular crimped prosthesis under tension seem to present an advantage based on this study. Of course, once the coating is degraded the textile structure can be infiltrated by the healing response. This infiltration will also modify the compliance properties at mid and long-term. These results help explaining the effect of compliance mismatch mentioned by several authors in literature. Nappi et al. studied in silico the influence of compliance mismatch on stress generation in the VG environment. [START_REF] Nappi | Compliance mismatch and compressive wall stresses drive anomalous remodelling of pulmonary trunks reinforced with Dacron grafts[END_REF] Results were compared with histological and surgical data related to an experimental animal campaign conducted by performing pulmonary artery transpositions in 30 two month old growing lambs. The in vivo observations demonstrated the effectiveness of the proposed model. In particular, the authors highlighted the crucial role played by stress fields generated by compliance mismatch and kindled in the vessel walls and around suture regions. The phenomenon has also been studied from a fluid mechanical point of view by Stewart et al. [START_REF] Stewart | Effects of a vascular graft/natural artery compliance mismatch on pulsatile flow[END_REF] The authors showed with flow visualisation experiments that compliance mismatch caused stagnant zones which may contribute to the intimal hyperplasia and thrombosis seen in failed grafts.

In another work published by Weitzel et al., the authors pointed out the link between anastomotic stenosis and vessel rigidity. [START_REF] Weitzel | High-resolution ultrasound speckle tracking may detect vascular mechanical wall changes in peripheral artery bypass vein grafts[END_REF] They underlined how lack of compliance tends to increase the risk of restenosis. All these results are in correlation with those presented in a review written by Patel et al., which confirms the role of vessel stiffness in atherosclerotic plaque formation. [START_REF] Patel | A review on atherosclerotic biology, wall stiffness, physics of elasticity, and its ultrasound-based measurement[END_REF] On the other land, the search for a compliant structure can lead to favour very light textiles whose long-term durability and stability could be questionable and lead to the risk of degradation, dilatation, or rupture. [START_REF] Lejay | Explanted Vascular and endovascular graft analysis: where do we stand and what should we do?[END_REF] 

CONCLUSIONS

In this study, the compliance evolution over time of three different models of VG has been assessed. Compliance values have been measured over dynamic loading conditions after 3, 6, and 24 hours of cyclic physiological pressure stress. Results brought out a significant compliance loss (around 40% for all makes) already 3 hours after the start of the experiment for every compliance pattern. After 24 hours, the drop reaches over 60%. However, the phenomenon depends on the textile construction and the crimp. A less tight knitted structure characterised by a helical crimp presents an advantage according to the results obtained. Moreover, larger diameter, which undergo larger stress lose compliance properties more rapidly. Regarding the influence of the coating, impregnation tends to stabilise the knitted construction and makes it more elastic and compliant over time.

Furthermore pre-load applied longitudinally on a VG helps keeping the compliance over a longer period of time as well. Unfortunately, overall observations show that VG compliance in general disappears very rapidly after cyclic loading of the graft. Whatever the VG configuration, deformability vanishes after 24 hours. This compliance mismatch may explain the clinical complications observed after implantation. 
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Table 1 .

 1 Main characteristics of the three commercially available textile polyethylene terephthalate (PET) vascular grafts (P1, P2, and P3) evaluated for their compliance.

		P1	P2	P3
	Diameter -mm	6 and 8	6 and 8	6 and 8
	Wall thickness -mm	0.9	0.8	0.32
	Crimping geometry	Circular	Helical	Helical
	Crimp frequency -	3.9	6.8	4.2

Table 2 .

 2 Volume and longitudinal compliance (C) in %/mmHg of the three commercially available textile polyethylene terephthalate (PET) vascular grafts (P1, P2, and P3) as function of the graft model at the initial stage and after 24 hours under a 60-140 mmHg pulsed pressure range.

	Time point	P1		P2		P3	
		Longitudinal C	Volume C	Longitudinal C	Volume C	Longitudinal C	Volume C
	Initial	0.06	0.07	0.12	0.16	0.03	0.08
	After 24 h	0.023	0.028	0.018	0.02	0.013	0.03

Table 3 .

 3 Volume and longitudinal compliance (C) in %/mmHg of the three

	commercially available textile polyethylene terephthalate (PET) vascular
	grafts (VG) as function of the coating at the initial stage and after 24 hours
	under a 60-140 mmHg pulsed pressure range. For uncoated VGs, the
	original coating was removed.			
	Time point	Coated VG	Uncoated VG
		Longitudinal	Volume C	Longitudinal	Volume C
		C		C	
	Initial	0.15	0.19	0.12	0.17
	After 24 h	0.03	0.05	0.017	0.02
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