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Purpose: EndoVascular Aneurysm Repair (EVAR) can be indicated to prevent Abdominal Aortic Aneurysm (AAA) breaking. However, several complications may occur during and after surgery, such as endoleaks or migration. The aim of this work is to develop and validate an experimental set-up designed to reproduce the comportment of an abdominal aorta with aneurysm. Consequently, this paper presents the proof of concept of the experimental set-up.

Materiel and methods:

We have developed an experimental set-up based on a patient-specific aorta phantom with an aneurysm. Physiological conditions that are influent for EVAR (blood flow and mechanical support) are applied.

The set-up combines UltraSound (US) and Digital Image Stereo-Correlation (DISC) measurements to evaluate the vascular structure motion due to blood flow and EVAR.

Results: Preliminary results show that our experimental set-up allows measuring local surface deformations on the phantom using DISC as well as motions in the vessel wall thickness using US without surgical material. The measurements from the two techniques are consistent with the applied pressure, realistic and complementary.

Conclusion:

The set-up and methods in this paper are validated and our proof of concept is established. Futur work will focus on the simultaneous use of the two measurement tools (US and DISC) and the introduction of stent-grafts inside the phantom during pulsed cycles. Such measurements of local deformations and motions will help understanding possible complications of EVAR.

Introduction

EndoVascular Aneurysm Repair (EVAR) is a minimally-invasive technique that is commonly used to treat Abdominal Aortic Aneurysms (AAA). It relies on the exclusion of the aneurysm sac by introducing one or more stent-grafts through the femoral arteries and deploying them inside the aneurysm. During the procedure, several tools of varying stiffness are introduced to enable the delivery of the stent graft to its deployment site, in particular by straightening the often tortuous iliac arteries. During this process, the vascular structure undergoes major deformations [START_REF] Mouktadiri | Aortic endovascular repair modeling using the finite element method[END_REF]. It has been shown [START_REF] Gindre | Patient-specific finite element simulation of the insertion of guidewire during an EVAR procedure: Guidewire position prediction validation on 28 cases[END_REF] that these deformations are mainly regulated by the mechanical support provided by the connections Preprint submitted to IRBM July 18, 2017 between the aorta and the rachis. Moreover, in the same paper [START_REF] Gindre | Patient-specific finite element simulation of the insertion of guidewire during an EVAR procedure: Guidewire position prediction validation on 28 cases[END_REF], it has been proved that these deformations could put into question the initial preoperative sizing of EVAR. Therefore, it is important to take them into account.

Once the stent-graft has been deployed, several other complications can occur, including migration and endoleaks.

Migration consists in a displacement of more than 10 mm of the prosthesis from its initial position; endoleak consists in a permeability of the prosthesis, for different reasons including an incorrect contact between the prosthesis and the aortic wall. However, there is no clear evidence of the mechanisms leading to these complications.

Investigating experimentally the vascular structure response to EVAR is the main goal of this project: it consists in studying (1) its deformations and (2) its interactions with the prosthesis, using a biofidelic phantom of a patientspecific vascular structure placed in physiological conditions in terms of blood flow and mechanical support. Fullfield measurement by Digital Image Stereo-Correlation (DISC) and UltraSound (US) are associated to the set-up to investigate points (1) and ( 2) respectively. They can provide quantitative data in terms of 3D displacements and relative speeds. This paper presents the set-up and its measurements capability.

Material and methods

Experimental set-up

The set-up is designed to reproduce physiological conditions that are relevant for stent-graft deployment. As described in Gindre et al. [START_REF] Gindre | Patient-specific finite element simulation of the insertion of guidewire during an EVAR procedure: Guidewire position prediction validation on 28 cases[END_REF], the tortuosity and the mechanical support of the vascular structure to the spine are the two most influent factors on the structure deformation during EVAR. Therefore, the set-up is based on a silicon phantom vascular structure designed from a patient-specific geometry ( c Segula Technologies, SA, Nanterre, France).

While its behavior is linear, the silicon used for the phantom is similar to the aortic wall in terms of stiffness (about 1.5 MPa); however, it does not include stiffer parts to represent calcifications. The set-up is presented on Fig. 1; the phantom is attached to a 3D-printed curved spine using springs to mimic the secondary arteries mechanical support as suggested in Gindre et al. [START_REF] Gindre | Finite element simulation of the insertion of guidewires during an EVAR procedure: example of a complex patient case, a first step toward patient-specific parameterized models[END_REF]. The descending aorta is connected to a pump through a solenoid valve controlled by a LabView ( c National Instruments, Inc., Austin, Texas, United States) program to create a pulsed flow. Pressure and flow can be measured using a pressure sensor (0.2 bars) and a flow meter. A manual valve is mounted on the iliac arteries output to control the pressure inside the vascular structure and a second pressure sensor is mounted there as well.

The phantom can be immersed to mimic abdominal pressure. However, the results presented in this paper are obtained without filling the aquarium for the DISC measurements, while US acquisitions are performed with water immersion. Indeed, water is necessary for US acquisition (air is a poor medium for US wave propagation) whereas it is not a requirement for DISC. Since our purpose is to establish a proof of concept of the set-up, the water was not taken into account for DISC. However, DISC measurements into a filled aquarium is possible as long as calibration is performed in the same condition.

Ultrasound

During this study an US research scanner, named Ula-Op (Ultrasound Advanced Open Platform) [START_REF] Tortoli | ULA-OP: an advanced open platform for ultrasound research[END_REF] is used, which allows to program personalized US sequences through a MATLAB interface ( c MATLAB, The MathWorks, Inc., Natick, Massachusetts, United States). A 1D linear US probe (LA 523, c Esaote, Inc., Florence, Italy), composed of 192 elements for a total width of view of 47.04 mm corresponding to a pitch of 0.245 mm, is also used. An example of the ultrasound images obtained with the scanner is shown on Fig. 2.

A particular US sequence was implemented on this scanner to acquire at high frame rate images of the wall motion of the phantom along time. With the chosen sequence, high framerate imaging is reached, up to 5 000 images per second during two seconds (resulting to 10 000 saved images) to appreciate each subtle displacement of the vessel wall. In order to achieve this framerate, a plane wave sequence is implemented. In plane wave imaging, all elements of the probe are excited simultaneously in order to produce a wave front close to a plane wave [START_REF] Bercoff | Ultrafast ultrasound imaging[END_REF]. For our specific mode, 64 elements located at the center of the probe and corresponding to a total width of 15.68 mm are successively activated in emission and reception. The probe ultrasound frequency was 9.4 MHz and signal was sampled at 50 MHz (scanner clock). One line per element was beamformed, the resulting pixel resolution is 0.0141 × 0.245 [mm 2 ] in axial and lateral directions, respectively.

The received single element raw US signals (RF images) are collected after each plane wave transmission/reception.

Afterwards, RF images are migrated/beamformed to obtain images [START_REF] Garcia | Stolt's f-k migration for plane wave ultrasound imaging[END_REF]. Motion is estimated on the migrated images.

Our motion estimator is based on a 2D phase shift measurement between two successive images (Eq. 1) [START_REF] Jensen | A new method for estimation of velocity vectors[END_REF][START_REF] Basarab | Analytic estimation of subsample spatial shift using the phases of multidimensional analytic signals[END_REF]. However, with US, only a natural oscillation along the propagation axis is present. Therefore a virtual lateral oscillation is introduced in the Fourier domain to extract 2D phases from the images [START_REF] Salles | Plane wave transverse oscillation (PWTO): An ultra-fast transverse oscillation imaging mode performed in the fourier domain for 2d motion estimation of the carotid artery[END_REF]. To this end, the Fourier spectrum of each image is multiplied with a specific mask to only keep the desired wavelength (Fig. 3).

d z = ∆Φ z 4π f z d x = ∆Φ x 4π f x (1)
Where z and x are the subscripts for the axial (along the ultrasound beam) and the lateral (perpendicular to the ultrasound beam) axis, respectively. d is the estimated displacement for each image. ∆Φ corresponds to the phase change between two successive frames. f is the ultrasound frequency.

Digital Image Stereo-Correlation

To perform full-field strain measurement on the phantom surface, two digital cameras ( c Limess 4 MPx, Limess, Krefeld, Germany) are used, they are mounted on a rail that allows their displacement along the longitudinal axis of the phantom. They form a 24 • angle with each other and are equipped with 16 mm lenses. The adjustment of aperture and exposure time, associated to powerful lightening, allows obtaining (1) the appropriate depth of field, as iliac arteries are particularly tortuous in this patient case and (2) sharp images of the vascular structure along its deformation. Once all the settings are done, calibration is performed so that the correlation software ( c Vic 3D, Correlated Solutions, Inc., Irmo, South California, United States) can calculate the cameras relative position (3 angles and 3 distances, as well as optical parameters of each camera). A random pattern is applied on the phantom with white and black paint in order to compute the correlation (Fig. 4). DISC is performed at several intermediate states captured at 5 Hz.

Results

US measurements

Fig. 5 shows the results of motion estimation from the longitudinal section for the central point of the upper artery wall. The solenoid valve is opened at the initial time (t = 0 s) and the influence of the flow on the wall displacement can be seen. Axial and longitudinal displacements reach a maximum value around 1 mm and 0.6 mm respectively after 0.8 seconds and decrease once the pulse shock is passed. After analysis of the displacement along the entire upper wall, the motion is global and no pulse wave is visible with the current system.

DISC measurements

The phantom aorta is subject to inner pressure only for DISC measurements. Fig. 6 displays a result of DISC in terms of Lagrange first principal strain (e1) at maximal pressure. The descending aorta experiences larger deformations than the iliac arteries, 5 times less in average and in terms of Lagrange first principal strain. Besides, these deformations are rather heterogeneous due to the complex geometry of the vascular structure. DISC emphasizes local phenomena, which is relevant to investigate the interaction between the prosthesis and the vascular structure when prosthesis will be deployed. The overall circumferential expansion due to fluid pressure corresponds to the range of deformation observed in-vivo.

To evaluate the reliability of these measured displacements, we can plot the error field. Fig. 7 displays an example of error distribution on the descending aorta in the deformed configuration. This error is the combination of noise and correlation error. Noise error is due to camera sensors, light, etc, and can be evaluated by performing DISC on several images of the undeformed configuration. It reaches 0.048 mm for our set-up configuration. Correlation error is due to the correlation algorithm and related to the quality of the images and the random pattern. The total error locally reaches 0.35 mm in the maximum pressure configuration, but in average it is close to 0.2 mm. The error results are similar all along the phantom and satisfactory as we expect a circumferential dilatation of 5 mm in the descending aorta, while the iliac arteries will mainly experience large bending deformations due to EVAR tools.

Discussion

The set-up developed in this work aims to provide experimental data concerning the interaction between vascular structure and stent-graft in the descending aorta. Several features have been taken into account to ensure the biofidelity of the set-up for EVAR applications, such as patient-specific geometry, mechanical support and inner pressure. These features are known to have the largest influence on EVAR procedure.

From our preliminary results we have demonstrated that it is possible from ultrasound high frame rate imaging to acquire and estimate motion of the phantom wall during flow cycles. In fact, thanks to the phase estimator, wall motion can be seen in correspondence with flow cycles. Moreover, this method has a very high temporal (5 000 images per second) and spatial (0.0154 mm per 0.245 mm) resolution. One limitation to study the motion of the complete phantom is the rather short length of the probe itself which reduces the field of view.

DISC has a larger field of view and successfully estimates 3D surface displacements anywhere on the upper surface of the phantom. The obtained accuracy is satisfactory and sufficient for the phenomena we aim to observe (for instance the influence of the stent-graft oversizing). However, DISC measurement has been performed without outer pressure while US method has been achieved with outer pressure.

Finally, the two methods are complementary because they allow measuring data at different time and space scales.

Consequently, both methods will be essential for our future works to study the phantom comportment during EVAR and then during cardiac cycles. Later with stent-grafts, analysis of the 2D motion of the artery wall will be useful to understand the influence of the prosthesis on the wall across heart pulsed cycles.

However, several improvements can be made. Firstly, a simultaneous use of the tools with inner and outer pressures is the main priority. For this purpose, calibration of the cameras will be achieved with water immersion which mimic abdominal pressure. Furthermore, we expect to have a larger field of view with US using a different sequence (diverging wave or the use of a convex arrays are two solutions) and we also project to increase the framerate of our cameras. The most important future work is the deployment of stent-grafts inside the abdominal aorta phantom. For this project both imaging methods will be used and other parameters can be added like flow-rate and pressures at the inlet and outlets of the phantom. All those parameters will be taken into account for a mechanical validation and to extract markers to quantify migration and endoleak processes.

Conclusion

In this paper, an experimental set-up of an abdominal aorta that allows mimicking the behaviour of a real aneurysm aorta with stent-graft during cardiac cycles has been described. Finally, the validity of the set-up and of measurement methods (US and DISC) has been demonstrated.

The next step will be to collect more information about the interaction between aorta and stent-graft with the simultaneous use of the two methods (US and DISC) and to implement objective parameters into EVAR per-and postsurgery simulations to predict and prevent endoleaks or migrations of stent-graft after surgery. Using displacements, pressures and flow measurements extracted from this set-up, we will evaluate if and which quantitative markers can be proposed to predict and prevent the above-mentioned complications. 

Figure 1 :

 1 Figure 1: Top view of the experimental set-up (a) and the patient-specific silicon phantom (b). On this phantom the aneurysm is visible on the whole descending aorta and on the beginning of the iliac arteries.

Figure 2 :

 2 Figure 2: Two images of the phantom without flow circulation obtained with the Ula-Op scanner; (1) and (2) correspond to the lumen and the walls respectively and (3) is the central axis for motion estimation. Axial section (a) (perpendicular to the phantom wall) and longitudinal section (b)(parallel to the phantom wall) highlight echoes from the interfaces (walls). It is clearly visible that it is not a regular medium as forecasted

Figure 3 :

 3 Figure 3: Two images of the same medium with and without transverse ocillations. (a) standard ultrasound image of a phantom medium composed of wires and (b) the Fourier spectrum of this image. (c) same image and same acquisition but the Fourier spectrum was filtered in post-processing (d). The introduced transverse oscillations (with a normalized lateral frequency of 0.125 corresponding to a wavelength of 1.96 mm) by the filtering method is visible on (c). The frequencies are normalized by the sampling frequency in both direction.
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 4 Figure 4: Close-up view of the descending aorta phantom covered with the black and white random pattern
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 596 Figure 5: Axial (red) and longitudinal (blue) motions extracted from longitudinal ultrasound data after a sudden opening of the solenoid valve driving a pulsed flow inside the phantom.

Figure 7 :

 7 Figure 7: Error distribution on the maximally deformed configuration (in px)
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