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MECHANICAL BEHAVIOR OF FENESTRATIONS IN CURRENT AORTIC ENDOGRAFTS

This paper provides an experimental approach of the mechanical properties of reinforced fenestrations. Two current fenestrated endograft are compared in order to better understand the mechanical behavior of the fenestration and the stent-fenestration interface.

INTRODUCTION

Endovascular treatment with fenestrated endografts (FE) using reinforced nitinol ring fenestrations are the first-line endovascular option for juxta and pararenal abdominal aortic aneurysm [START_REF] Pini | The Italian Multicentre Registry of Fenestrated Anaconda TM Endografts for Complex Abdominal Aortic Aneurysms Repair[END_REF][START_REF] Oderich | Final 5-Year Results of the United States Zenith Fenestrated Prospective Multicenter Study for Juxtarenal Abdominal Aortic Aneurysms[END_REF] . Commercially available FE include one to five reinforced fenestrations according to the number of target arteries (renal and/or visceral arteries) involved in the repair [START_REF] Wanhainen | Editor's Choice -European Society for Vascular Surgery (ESVS) 2019 Clinical Practice Guidelines on the Management of Abdominal Aorto-iliac Artery Aneurysms[END_REF] . The reinforcement concept consists in the use of a nitinol-based wire ring surrounding the fenestrated zone on the fabric. The necessary crimping process to insert the FE in the delivery system theoretically induces sharp folds on the endograft. The shape memory of nitinol helps to recover the geometry of the fenestration after the device has been released from the delivery system. The wire strand includes radiopaque markers made off gold, silver or platinum for fenestration localization purpose [START_REF] De Hartley | Reinforcing ring[END_REF] .

Clinical Achilles heel of the FE remains the endoleaks occurring in up to 30% after postoperative angiography completion [START_REF] De Niet | Fenestrated Anaconda Study group. Outcomes after treatment of complex aortic abdominal aneurysms with the fenestrated Anaconda endograft[END_REF] . Recent reports highlighted target vessel endoleaks rates up to 10% being the most common indication of reintervention following FE [START_REF] Kärkkäinen | Outcomes of target vessel endoleaks after fenestrated-branched endovascular aortic repair[END_REF][START_REF] Dossabhoy | Reinterventions after fenestrated or branched endovascular aortic aneurysm repair[END_REF] . Target vessel endoleaks could be due to insufficient attachment, stent fracture, or inadequate seal [START_REF] Jain | VESS10. Natural History of Target Vessel Endoleaks After Fenestrated-Branched Endovascular Aortic Repair[END_REF] . Another main cause of endoleak is the anatomy of the aneurysm and the geometry of the endograft. In case of pararenal short neck and juxta renal aneurysm, the distance between the fenestration and the aortic wall could lead to instability of the repair and stent fracture or stent disconnection . Therefore an extension of the proximal sealing zone above the visceral arteries could stabilize the repair. [START_REF] Oderich | Prospective, nonrandomized study to evaluate endovascular repair of pararenal and thoracoabdominal aortic aneurysms using fenestrated-branched endografts based on supraceliac sealing zones[END_REF][START_REF] Katsargyris | Comparison of outcomes for double fenestrated endovascular aneurysm repair versus triple or quadruple fenestrated endovascular aneurysm repair in the treatment of complex abdominal aortic aneurysms[END_REF] The interaction between the balloon expandable covered stent graft (CSG) and the target vessel play an important role in the mechanical strength and in the sealing. If the resistance to radial expansion of the fenestration on the CSG is not high enough, leakage can occur at the connection and the CSG can easily migrate. Conversely, if the resistance to radial expansion is too high, the branch is locally compressed in the fenestration with a dog bone shape that generates flow restriction [START_REF] Fidalgo-Domingos | Geometric and hemodynamic analysis of fenestrated and multibranched aortic endografts[END_REF] . In order to ensure that the lifetime of the device meets the clinical need, it is necessary to understand the behavior of a CSG inside the fenestration.

Commercially available FE do not have the same design for fenestrations. This observation raises the question about which design is better.

In that context, in order to optimize the design of fenestrated devices, it is important to better understand the behavior of the connection between the CSG and the fenestrated graft itself [START_REF] Farivar | Impact of bridging stent design and configuration on branch vessel durability after fenestrated endovascular repair of complex aortic aneurysms[END_REF] .

The mechanical strength of the assembling as well as its sealing performances must be controlled precisely to ensure the long-term performance of the device.

The aim of this study was to assess the mechanical performances of various commercially available FE. In particular, the radial strength of the fenestration was experimentally measured and compared between two designs of fenestration. As secondary objective, the evaluation of the connection between the fenestration and available CSG was performed with branch pullout force testing. Moreover, some preliminary fatigue tests were conducted simulating the relative alternative flexure movement applied to the CSG in order to evaluate the behavior of the connection. The resulting modifications in the fenestration were analyzed.

MATERIALS and METHODS

Samples used in the study

The purpose of this work was to assess in a qualitative and quantitative way the differences between two commercially available FE in the frame of a preliminary experimental approach.

Thirteen FE samples were included in the study: 7 Anaconda FE (Terumo Company, Inchinnan, Scotland) and 6 Zenith FE (Cook Medical, Bloomington, Indiana, USA). Samples were recovered from preoperative testing model for the Anaconda device and from cancelled procedure for the Zenith device. These two devices are composed of polyethylene terephthalate (PET) multifilament textile structures.

As multiple fenestrations were present on each FE, a total of 21 Zenith and 17 Anaconda fenestrations were studied. The Anaconda fenestration is not fixed at the distal end of the ring, whereas a loop fixed the extremity of the ring for the Cook fenestration. Another main difference in the Cook design is that the nitinol ring was fixed to the Z stent segments located in the vicinity of the fenestration. No more information was available from the producer. Each fenestration was analyzed at morphological level first in order to identify differences between the designs. Radial extension tests were then performed to assess the deformability of every fenestration and identify differences in the mechanical load deformation behavior between the designs. This approach provided an indication about how the ring compresses and deforms the branch in clinical configuration. Branch pull out force was also measured to test the stability of the assembling. Two different CSG models were considered to account for bridging stent design related variabilities: Advanta V12 (Atrium Medical; Hudson, New Hampshire, USA) and BeGraft Peripheral Stent Graft (Bentley InnoMed GmbH, Hechingen, Germany), both inflated at nominal pressure (8 atm). The BeGraft CSG is composed of chrome-cobalt surrounded by an ePTFE membrane whereas the Advanta V12 CSG is a stainless-steel stent encapsulated in an ePTFE membrane in a sandwich construction. These devices are the two main stents used in the clinic as bridging solution for FE. Finally, fatigue tests were performed on the devices to assess long term outcome of the endograft.

Tests were performed in our ISO 9001 and 13485 ISO certified laboratory with equipments that are commonly used for the evaluation of vascular prostheses according to IS0/FDIS 7198. However, they had to be specifically adapted because the tests performed were not standard.

Morphological analysis of the fenestrations

Microscopic analysis of all fenestrations in the two FE designs was performed using a VHX-600 digital microscope (Keyence, Courbevoie, France). The goal was to study the characteristics of the devices and the morphology of the fenestrations in terms of wire diameter, loop geometry, surface area. Figure 1 Radial strength test Radial extension tests were then performed to assess the deformability of every fenestration and identify differences in the mechanical load deformation behavior between the designs. For that purpose mechanical radial strength tests were performed on fenestrations with a MTS Insight™ tensile testing machine (MTS system corporation, Eden Prairie, Minnesota, USA).

The test consisted in inserting two half cylinders (radius 3 mm) in a 7mm diameter fenestration.

One cylinder was kept fixed while the other one was linked to the moving clamp and moved at the predefined strain rates (2 mm and 1 mm/min) up to 2mm, which corresponds to a 25% diameter increase. The testing configuration, which replicates the ISO 7198 standard test used to assess the radial strength of vascular grafts, allows to spread the force in a regular way on the deformable fenestration perimeter. The experimental setup is presented in Figure 2. To account for variability in positioning the half cylinders in the fenestration, 0.1 N preload was applied on each sample. A total of 5 fenestrations characterized by similar surface area could be tested for each device and each test was repeated 3 times.

Branch Pull-out strength test

The branch pull out force was measured to test the stability of the assembling. Figure 3 describes the experimental setup. In this approach 2 testing configurations were considered in order to assess separately the effect of the fenestration size and the branch size on the assembling tightness.

In a first configuration a calibrated 8mm cylinder was introduced into a 38mm 2 surface fenestration for the Anaconda device and a 40mm 2 fenestration in the Cook device. The position of the endograft was maintained fixed on a tensile testing machine (same as the one described in the previous section) by inserting 2 cylinders (characterized by the diameter of the endograft) at both extremities. The calibrated cylinder was linked to the moving clamp and pulled at a speed of 20mm/min over a 10mm displacement distance. The pull-out force was measured and plotted vs displacement. Each test was repeated five times. The goal was to compare the deformability of two different fenestration designs, tested in the same calibrated conditions.

In a second configuration, a 7mm control fenestration was generated in a fenestrated metallic tube (wall thickness 1 mm) in order to simulate an endograft characterized by a non-deformable fenestration size. In order to test the deformability of the bridging stent, an 8mm CSG was introduced in the fenestration and pulled out at constant velocity (20mm/min) using the extension testing machine described previously. The insertion depth of each CSG was defined in order to reproduce the clinical practice, with approximately 1/3 of the CSG stent-graft length on the aortic side and 2/3 on the target artery side. The test was performed using 5 V12 8*59mm and 5 Begraft 8*59mm.Finally, the association between 5 CSG from both producer and the endograft was evaluated In order to bring out the precise influence of the flaring step, the pull-out force necessary to extract the CSG from the 7mm fenestrated control tube was measured for both the flared and the non-flared CSG. After CSG expansion, flaring was performed using a 10 mm semi compliant Mustang balloon (Boston Scientic, Bloomington, MN, USA) to reproduce the clinical practice towards securing the stent positioning.

An additional specific pull out test has been performed with the Cook fenestration. The fenestration is actually partially fixed to the stent segments, which tend to induce biases when testing the extraction strength. Basically, in that configuration the local radial strength is provided not only by the fenestration itself but also by the stent segment. In order to study separately the influence of the stent segment on the pull out force, the pull-out test has been performed before and after having disconnected the stent segment by cutting the fenestration attachment to the Z-stent. The stent segment was not removed to preserve the integrity of the endograft.

Cyclic fatigue test

Fatigue tests were performed on the devices to assess long term outcome of the connections.

Figure 4 shows the considered testing conditions. Cyclic fatigue tests were performed on fenestrated samples after branching to study how the fenestration morphology was modified with time. Therefore, using an Electroforce testing unit (TA instruments, Minnesota USA), an 8mm calibrated branch was flexed over a 30° angle (corresponding on a 14 mm longitudinal movement) with respect to the branch axis in an alternative way at a 2 Hz frequency. These testing conditions were considered as extreme loading conditions reproducing the relative movements which could occur in vivo between the CSG and the main vessel under the pulsatile heart loading. In a first approach, the cycling was conducted over 7200 cycles (representative of 1-hour in vivo loading). This short time is not representative of in vivo loading conditions. However, the movement amplitude as well as the frequency being largely exaggerated, these combined extreme conditions allow to identify and compare between 2 different devices the degradation phenomena that would occur at the branch endograft interface.

Fenestration morphologies were analyzed after cycling and compared qualitatively to what had been observed on the non-tested devices. The material was examined to identify potential degradations like yarn wear or rupture, reinforcement wire movement or fixation stitch rupture.

Moreover, from a quantitative point of view, the surface area of the fenestrations was measured before and after fatigue to identify potential deformations undergone by the reinforcement ring or locally in the textile. The analysis was performed on both device models (two fenestrations for each device) to bring out which design factors may have an influence on the potential degradations.

Statistical Analysis

Quantitative variables are expressed as mean (SD) for normal distribution, and as medians (range) for non-normal distribution. Comparison of paired quantitative variables was performed with a paired t test. A p-value < 0.05 was considered statistically significant

RESULTS

Morphological Analysis

Microscopic analysis highlighted that a multifilament textile structure was used for both devices. Concerning the Anaconda device, the number of yarns was higher in warp (longitudinal) direction (63±2 yarns/cm vs 55±3 yarns/cm) while values were similar in weft (transverse) direction (38±2 yarns/cm). Regarding the yarn diameter, it was higher for the Anaconda device in both warp (220±10 µm vs 190±8 µm) and weft directions (190±12 µm vs 165±7 µm). These data underline that the textile membrane was tighter in the Anaconda device.

The Anaconda fenestration was reinforced with 3 laps of nitinol wire against two for the Cook fenestration. The thickness of the Anaconda wire was however the lowest (90±2µm vs 150±12µm) and the morphologic analysis confirmed the absence of specific fixation at the distal end of the ring . Conversely, in addition to the stitches, a loop fixed the extremity of the ring for the Cook fenestration to prevent wire sliding and increase fenestration stability. In both devices, the nitinol ring was globally sutured using locking multifilament threads regularly spread over the circumference, which thickness was higher in the Anaconda fenestration model (373±9 µm vs 310±14 µm).

Radial strength test

Figure 5 shows the load displacement curves obtained for both devices over the radial strength test considering fenestrations of similar diameter size (33.4 ± 1.2mm for Cook and 33 ± 5.8mm for Anaconda).

Results bring out that over a 2 mm vertical displacement, the loading curves look similar for both devices. Three zones could be identified in the curves (A, B and C). While zones A and C are characterized by similar average slopes, zone B looks more like a plateau.

Regarding the force value level which was reached over the extension process, the average radial strength after 2mm displacement was 33.4 ± 6.9 N for the Cook fenestration and 54.45 N ± 18 for the Anaconda fenestration (P=.001).

Branch Pull-out strength test

Results point out two main differences between the devices. First, with respect to the calibrated branch the required strength to extract the branch from the fenestration was significantly higher with Anaconda device (9.5 ± 4.7 N vs 4.49 ± 0.28 N (P=.001)). One can conclude that the Anaconda device appears to apply a higher radial force at the fenestration level. Extraction values for the different configurations are summarized in Table 1.

With respect to the fenestrated metallic control tube configuration, the required strength to extract the V12 balloon expandable CSG from the control cylindered shape was significantly higher than the BeGraft CSG (6.75 ± 2.86 N vs 1.83 ± 0.67 N (P=.003)). These latter results are confirmed when both the CSG and endograft are combined. Whatever the FE model, the extraction force level was always higher with the V12 CSG (Anaconda (3.14 ± 1.77 N vs 1.34 ± 0.53 N P=.530; Cook 1.56 ± 0.76 N vs 0.94 ± 0.22 N for (P=.065).). Globally, the V12 CSG appeared to be radially more rigid.

When considering the flaring effect, results bring out that he extraction force level was significantly increased after flaring from 1.83 ± 0.67 N to 5.05 ± 0.65 N (P=.002) for the BeGraft CSG and from 6.75 ± 2.86 N to 9.02 ± 3.1 N (P=.033) for the V12 CSG. This last result confirmed that the extraction force level after flaring was higher for the V12 CSG (9.02 ± 3.1 N) compared with the Begraft CSG (5.05 ± 0.65 N) (P=.056).

Concerning the additional specific pull out test of the Cook fenestration, the mean pull-out force dropped by 24% in that configuration from 4.49±0.28N to 3.4±0.29N.

Cyclic fatigue test

Fatigue tests induced morphologic changes on the fenestration as van be observed in Table 3.

The surface area of the fenestration was increased for all samples after 7200 cycles. When comparing the two devices, results brought out that the surface area of the fenestration of the Cook device, was increased with cycling compared to the Anaconda device (15.5±6% vs 6.5±3% hole surface area increase). On both devices, the suture thread remained intact and the nitinol ring was still continuous and fixed to the fabric. Globally, after 7200 cycles, no branch disconnection occurred. Figure 4 presents the appearance of the fenestrations after cycling.

DISCUSSION

We here described an experimental bench study focusing on the mechanical behavior of fenestrations in 2 commercially available FE, Anaconda and Cook. The results point out differences between the devices at various levels: (1) the radial strength of the fenestration; (2) the pull out force necessary to extract a control branch from the fenestration; (3) the behavior under fatigue loading. It comes out that these differences can be directly related to the different designs, which could be identified.

Actually, the characteristics of both devices revealed differences in the fabric used to manufacture the cover, in the nitinol reinforcement design, as well as in the way how the nitinol was fixed to the fabric. The microscopic examination of the devices shows that the Anaconda fenestrations appear to be globally more rigid. Several features underline this difference. First, the higher density of the fabric around the fenestration (15% more yarns in warp direction) combined with the larger yarn diameter (by 15% on average), make that the Anaconda fabric is tighter. Our previous works highlighted that this fabric characteristic is directly related to the elastic recoil phenomenon [START_REF] Jayet | An Experimental Study of Laser in situ Fenestration of Current Aortic Endografts[END_REF] . As a consequence, the fenestration is consequently less deformable when radial deformation is applied to it, as the yarns mobility is limited within the weave. Second, this device is characterized by a the larger number of Nitinol laps (3 vs 2 for the Cook device). As these laps are maintained together with stitches, the friction between the laps limits relative sliding and prevents the reinforcement loop to enlarge. These design considerations explain why the radial strength is larger by nearly 60% in the Anaconda fenestration (54 N vs 33 N) over a 2mm deformation range. Moreover the global loading slope, which represents the radial rigidity of the fenestration, is also steeper. The number of fixing stitches appears to play only a limited role in that mechanism as the Cook fenestration is characterized by 30% more stitches (35 vs 27) than the Anaconda fenestration, and is still more deformable.

Regarding the shape of the curves presented in Figure 5 this specific loading behavior can be explained with the different components that are involved in the fenestration design. One can assume that zone A corresponds to the deformability of the ring fixation thread, which is the first component undergoing extension. Once a force threshold is reached, the nitinol wire starts to slip at constant force within the threads, which could explain the plateau zone B. Finally, the yarns involved in the cover fibrous construction at the fenestration border start to be extended.

In this latter configuration the deformation of the extended fenestration has reached the size of the initial textile hole before reinforcement which starts to deform itself.

The increased radial rigidity in the Anaconda fenestration is confirmed with the pull out test.

The pull out force values presented in Table 1 are nearly twice as large for the Anaconda device.

Basically, when the oversized control branch is inserted in a radially more rigid fenestration, the radial force value applied to the branch is greater. As the friction force applied to the branch over the extraction process is directly related to that radial force (Coulomb law), the pull out force value is also larger.

With respect to the branch design difference, results bring out that the BeGraft CSG was easier to extract from the control fenestration than the V12 CSG as the pull-out force was reduced by nearly 70 % (from 6.75 N to 1.83 N on average). Actually, the BeGraft design is based on Cobalt-Chrome alloy (CoCr) stent segments which are linked together, while the V12 design is based on independent 316L SS segments. The elastic modulus of CoCr being higher (240 GPa vs 200 GPa for steel) and the segments being not independent, the overall radial rigidity value of the BeGraft is higher. When the branch is released in the fenestration, it is therefore less deformed than the V12 design. In particular the "dog bone" shape induced is less pronounced as can be seen in Figure 6. Consequently, it is easier to pull out the branch from the control tube with the BeGraft, which makes the assembling less stable. However, the design being less deformable, one can consider that once the branch is in position, the assembling is radially tighter and should induce limited leakage despite limited stability.

From a clinical point of view, considering a larger oversizing with the BeGraft design would be relevant to obtain both the tightness of the stent-fenestration junction and an increased "dog bone" shape for assembling stability purpose. In that context, the flaring step increased significantly the force necessary to extract the branch. This step improves the mechanical behavior of the stent-fenestration interface which may limit the leakage as a consequence.

Current recommendations for flaring indicate that the choice of the balloon should be oversized by 2mm for the Cook device and by 1 mm for the Anaconda. It could be relevant to evaluate the influence of the balloon diameter and compared it between both devices from a mechanical point of view. Dedicated bridging CSG in FEVAR are still lacking in clinical practice. Torsello et al. have studied bridging CSG implanted in fenestrations testing different devices commercially available [START_REF] Torsello | Comparison of the Biomechanical Properties of the Advanta V12/iCast and Viabahn Stent-Grafts as Bridging Devices in Fenestrated Endografts: An In Vitro Study[END_REF][START_REF] Torsello | Performance of Aneurysm Repair: An In Vitro Study[END_REF][START_REF] Torsello | Fatigue Resistance of the Advanta V12/iCast and Viabahn Balloon-Expandable Stent-Graft as Bridging Stents in Experimental Fenestrated Endografting[END_REF] . However, it is still difficult to conclude about the optimal graft/CSG combination. In that matter, it could be interesting to compare this results with the association CSG / branched endograft [START_REF] Motta | Performance of Viabahn balloon-expandable stent compared with self-expandable covered stents for branched endovascular aortic repair[END_REF] .

At last, regarding the fatigue tests, results presented in Table 2 demonstrate that the fenestration radial rigidity has also an influence on the long term behavior of the assembling. Despite the loading duration of this experiment was not representative of in vivo loading conditions, one can still observe that after already 7200 loading cycles, the morphology of the fenestration didn't change for the Anaconda device while it changed for the Cook device. Actually the movement amplitude as well as the frequency were largely exaggerated, reproducing extreme wearing conditions. Under these conditions, up to 25% deformation occurred in the Cook fenestration while the Anaconda fenestration size remained stable. The yarns being more mobile in the less tight Cook cover weave, the fenestration size is less stable, especially under repeated load. One can predict from this result that the Cook device would tend to leak earlier at the CSG/graft interface. However, in all tests the fenestrations showed flexibility and maintained elastic recoil around the branch while no disconnection could observed in both devices.

Based on these preliminary results, it would be relevant to perform some further permeability tests in order to evaluate the influence of the stent-fenestration combination on the assembling leakage.

Some limitations can be assigned to this work. First, flow conditions have not been considered here and one can assume that these would influence the results. Second, when the CSG is introduced into the fenestration, the variability related to the operator manipulation should be considered as well. Third, the pull-out strength test were performed before and after having disconnected the Z stent concerning the Cook fenestration. This design contributes to the mechanical performance of the fenestration in vivo. Future experiments will take these limitations into account. Figure 6 Morphological analysis of the extracted covered stent-graft (CSG) after radial strength test. The microscopic view (x20) illustrates that the "dog bone" shape induced is less pronounced with (A) Begraft CSG compared with (B) the V12 CSG when release from the fenestration.
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Table 1 Extraction values of the branch pull-out strength test with a calibrated 8 mm cylinder in aortic fenestrated endografts.
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Table 2 Surface area before and after cyclical fatigue test in aortic fenestrated endografts
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CONCLUSION:

The results of this study bring that mechanical performances of the fenestration vary between the fenestrated endograft. The performance of the fenestration and the stent fenestration interface can be tuned by playing on the design of the fenestration.