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Structural valve deterioration does not alter tissue valves' radiopaque landmarks: implications for valve-in-valve therapy

Background Valve-in-valve is established as a safe and efficient alternative to redo surgery in the treatment of structural valve deterioration (SVD). In vitro models rely on the radiopaque landmarks of undeteriorated tissue valves to establish the optimal implantation level of the transcatheter heart valves inside the deteriorated valves. In computed assisted procedures, the radiopaque landmarks of the deteriorated valves may be used to guide valve implantation through image fusion. The purpose of this study is to determine whether SVD alters the radiopaque landmarks of stented tissue valves.

Methods Our approach was based on the computation of relevant anatomical measurements from CT images. Radiopaque landmarks of degenerated bioprostheses and the corresponding undeteriorated valves were extracted to create surface meshes and cloud points using grey-level thresholding. 3D registration using an iterative closest point algorithm was used to align the corresponding cloud points, while the modified Hausdorff Distance was applied to determine the differences between them.

Results

The proposed evaluation was performed on 19 degenerated tissue valves. 15 valves were scanned from patients evaluated for valve-in-valve procedures, and 4 bioprostheses were scanned after surgical extraction during redo aortic valve replacement. All the degenerated valves were compared to the corresponding undeteriorated models. Overall, the mean difference between degenerated and undeteriorated valves was 0.33+/-0.12 mm. The maximum observed registration error was 0.66 mm.

Conclusions

Our study demonstrates no significant difference between the radiopaque landmarks of deteriorated and undeteriorated bioprostheses after the occurrence of SVD. Our findings suggest therefore that SVD does not alter radiopaque landmarks of stented tissue valves. These results validate in-vitro studies of optimal transcatheter heart valves implantation inside deteriorated tissue valves based on their radiopaque landmarks, and allow the use of non-deteriorated valves' imaging features in computer assisted valve-in-valve procedures.

INTRODUCTION

The vast majority of heart valve replacements are currently performed using stented bioprostheses [START_REF] Dvir | VIVID (Valve in Valve International Data) Investigators. Standardized Definition of Structural Valve Degeneration for Surgical and Transcatheter Bioprosthetic Aortic Valves[END_REF].

Compared to mechanical valves, tissue valves offer lower thrombogenicity and avoid long-term anticoagulation.

However, tissue valves are prone to structural valve deterioration (SVD), resulting in limited long-term durability [START_REF] Dvir | VIVID (Valve in Valve International Data) Investigators. Standardized Definition of Structural Valve Degeneration for Surgical and Transcatheter Bioprosthetic Aortic Valves[END_REF][START_REF] Capodanno | Standardized definitions of structural deterioration and valve failure in assessing long-term durability of transcatheter and surgical aortic bioprosthetic valves: a consensus statement from the European Association of Percutaneous Cardiovascular Interventions (EAPCI) endorsed by the European Society of Cardiology (ESC) and the European Association for Cardio-Thoracic Surgery (EACTS)[END_REF]. SVD manifests as the alteration of the tissue valve's leaflets, either involving calcification and stenosis or tear and regurgitation, or both [START_REF] Dvir | VIVID (Valve in Valve International Data) Investigators. Standardized Definition of Structural Valve Degeneration for Surgical and Transcatheter Bioprosthetic Aortic Valves[END_REF]. In this context, the Valve-in-valve (ViV) technique is now established as a safe and efficient alternative to redo surgical valve replacement in the management of failing tissue valves [START_REF] Tam | Transcatheter valve-in-valve versus redo surgical aortic valve replacement for the treatment of degenerated bioprosthetic aortic valve: A systematic review and meta-analysis[END_REF]. ViV consists in the implantation of a transcatheter heart valve (THV) inside a degenerated tissue valve, under fluoroscopic guidance (Figure 1). The THV's level (or depth) of implantation inside the deteriorated tissue valve is of paramount importance for the attainment of optimal hemodynamics [START_REF] Azadani | Effect of transcatheter aortic valve size and position on valve-in-valve hemodynamics: An in vitro study[END_REF]. Such level is determined based on the deteriorated valve's radiopaque landmarks, corresponding to the valve's stent.

Suboptimal implantation may also lead to complications such as device embolization, coronary obstruction, periprosthetic regurgitation or mitral valve injury [START_REF] Bapat | Technical pitfalls and tips for the valve-in-valve procedure[END_REF].

Several in-vitro studies have in fact demonstrated, for various combinations of THVs and bioprostheses, the optimal level of implantation of the THV inside the tissue valve [START_REF] Azadani | Effect of transcatheter aortic valve size and position on valve-in-valve hemodynamics: An in vitro study[END_REF][START_REF] Simonato | In vitro evaluation of implantation depth in valve-in-valve using different transcatheter heart valves[END_REF][START_REF] Midha | Valve Type, Size, and Deployment Location Affect Hemodynamics in an In Vitro Valve-in-Valve Model[END_REF]. Fluoroscopic guidelines [START_REF] Bapat | Fluoroscopic Guide to an Ideal Implant Position for Sapien XT and CoreValve During a Valve-in-Valve Procedure[END_REF] for an ideal implantation have also been suggested. However, these benchmarks rely on new, undeteriorated tissue valves, and therefore infer that SVD does not alter the tissue valve's stent, and therefore its radiopaque landmarks. Nevertheless, SVD occurs typically between 10 and 20 years after implantation of the tissue valve (473.040.000 heartbeats in 15 years at an average 60 beats per minute). Given the dynamic architecture of the aortic root [START_REF] Lansac | A four-dimensional study of the aortic root dynamics[END_REF], and the postsurgical changes in aortic wall shear stress after aortic valve replacement (AVR) [START_REF] Bollache | Perioperative evaluation of regional aortic wall shear stress patterns in patients undergoing aortic valve and/or proximal thoracic aortic replacement[END_REF], the statement that valve's stent remains undistorted throughout time has to be challenged.

Moreover, we have previously demonstrated the feasibility of computer assisted aortic ViV procedures [START_REF] Soulami | Computer-Assisted Transcatheter Heart Valve Implantation in Valve-in-Valve Procedures[END_REF]. Our approach was based on the segmentation of the patients' deteriorated tissue valve from the preoperative CT-scan, creating a surface mesh that was registered on the fluoroscopic image. However, image segmentation from patients' CT-scan can be challenging in the case of imaging artifacts, poor-quality or non ECG-gated CT-scans, and in the case of tissue valves with limited radiopaque landmarks. In the case of computer assisted ViV procedures, the use of surface meshes extracted from undeteriorated bioprostheses would simplify the image-based assistance, allowing a direct registration of the corresponding undeteriorated tissue valve with the pre-determined optimal implantation level.

THE HYPOTHESIS

The purpose of this study is to evaluate whether SVD alters the radiopaque landmarks of stented tissue valves. While it has been demonstrated that SVD alters the valve's leaflets, little is known of the valve's structure, including its radiopaque landmarks, often after more than a decade of heartbeats.

METHODS

Overall Workflow

This was a retrospective observational study, based on the comparison of the radio-opaque landmarks of deteriorated tissue valves and the corresponding undeteriorated models. The evaluation was based on the computational analysis of CT-scan images. The information of the degenerated biological valves stent (BVS) was extracted either from pre-operative CT-scans of patients undergoing a ViV procedure, or from CT-scans of surgically extracted degenerated tissue valves after redo AVR. The undeteriorated corresponding bioprostheses were scanned while sealed in their original packaging at room temperature. Each BVS was segmented and represented as a surface mesh.

Stented tissue valves description

The design of tissue valves aims towards mimicking the anatomy of the native aortic valve [START_REF] Pibarot | Prosthetic Heart Valves: Selection of the Optimal Prosthesis and Long-Term Management[END_REF]. Porcine valves consist of 3 porcine aortic valve leaflets, while pericardial valves are made from sheets of bovine pericardium, mounted inside or outside a supporting stent. Valve stents are usually metallic or fabricated from a variety of flexible polymers. The ViV procedure involves the implantation of a THV inside the degenerated tissue valve, based on the tissue valve's radiopaque features (Figure 1). Such landmarks correspond to the valve's stent, additionally to the sewing cuff or stent posts in some models.

BVS Segmentation and Creation of Cloud Points and Surface Meshes

A binary image was created from the original Region of interest (ROI) from CT images by applying a gray-level thresholding method using ITK-Snap software [START_REF] Yushkevich | User-guided 3D active contour segmentation of anatomical structures: Significantly improved efficiency and reliability[END_REF]. In the case of pre-ViV scans, calcifications and artifacts were removed manually. A surface mesh was then created based on the edge points of the binary image. The surface mesh was created for visualization purposes. Its vertices were considered as cloud points, used in the registration method and in the comparison metric.

3D Rigid registration algorithms

Image registration refers to the determination of one to one correspondence between the coordinates of two or more images such as each corresponding point to refer to the same anatomical point. When the images and the objects that they represent have different scaling, then the images are co-registered, aligned, and geometrically transformed. One of the images is used as reference to the geometric transformation that is applied in the other images (source images) so that they finally align with the reference. In this study, iterative closest point (ICP) algorithm was used in all the valves except the Medtronic Mosaic (Medtronic, Minneapolis, US) heart valve. In this particular case, point-based registration with known correspondence was used given the radiopaque features of this valve (three radiopaque markers at the top of each stent post) (figure 2).

ICP algorithm:

The ICP algorithm is an efficient algorithm for robust rigid registration of 3D data. It is commonly used in medical image registration [START_REF] Pj Besl | A method for registration of 3-D shapes[END_REF][START_REF] Pan | Medical image registration using modified iterative closest points[END_REF]. The main idea of the ICP algorithm is to search the closest points in the fixed cloud points for all moving cloud points and transform the moving cloud points iteratively. The ICP algorithm iteratively computes the new corresponding relationship and new transformation until the distance between corresponding points is not decreasing anymore or the iteration reaches the maximum iteration number [START_REF] Pj Besl | A method for registration of 3-D shapes[END_REF][START_REF] Pan | Medical image registration using modified iterative closest points[END_REF].

Point-based registration with known correspondence:

The goal of this type of registration is to align two sets of points with the same number of corresponding points using a selected transformation type [START_REF] Kim | Bidirectional local distance measure for comparing segmentations[END_REF], in our case a rigid transformation. A known correspondence means that the i-th point from the first set of points corresponds to the i-th point from the second set of points. This approach attempts to find the correspondence using distinct landmarks that are extracted from images.

Comparison metrics

The Modified Hausdorff Distance (MHD) is used for matching two objects based on their edge points. Its value increases monotonically as the amount of difference between the two sets of edge points increases, and it is robust to outlier points that might result from segmentation errors [START_REF] Mp Dubuisson | A modified Hausdorff distance for object matching[END_REF].

Modified Hausdorff Distance: Given two finite point sets A = {a1, a2, …, am} representing the model (unimplated BVS), and B = {b1, b2, …, bk} representing the edge points of the degenerated BVS. The MHD is defined as:

( , ) = 1 ∈ ∈ ∥ -∥
where is the number of point in A. This measure indicates the degree of similarity between two point sets. The MHD is more appropriate than other distance measurements for object matching purposes based on their edge points [START_REF] Fitzgibbon | Robust registration of 2D and 3D point sets[END_REF][START_REF] Taha | Metrics for evaluating 3D medical image segmentation: analysis, selection, and tool[END_REF].

RESULTS

The proposed evaluation was performed on two datasets (Table 1). The first group involved data of 15 degenerated tissue valves scanned from patients undergoing a ViV procedure. The second involved 4 deteriorated tissue valves extracted surgically during redo surgical aortic valve replacement. The dataset of all analyzed valves is summarized in table 1.

Three measures have been used to evaluate and visualize the result of the alignment of the meshes: local surface differences, volume-to-volume overlap measure and point-to-surface distance.

Comparison Outcomes Medtronic Mosaic valve

The only radio-opaque parts of the Medtronic Mosaic valve are the eyelets at the superior aspect of the stent posts (Figure 2). In this kind of bioprostheses, the three eyelets were manually marked on each CT-scan, and the alignment of the bioprostheses was based on these landmarks using a point-based registration method. Table 2 shows the root-mean-square (RMS) of the pairwise differences of the two landmarks sets. The gap between the landmarks shows the degree of deformation for this type of bioprostheses. Overall, the main RMS error for the Medtronic Mosaic Valve was 0.495 mm, while the maximal error reached 0.663 mm (Table 2).

All other prostheses

The remaining evaluated valves are characterized by a clearly visible radiopaque structure (Figures 3456). The alignment of the bioprostheses is based on the ICP algorithm. The parameters of the registration method have been adjusted as follows: maximum number of iteration was fixed at 50 and the RMS differences less than 1.0e-5. The degenerated BVS mesh is defined as the fixed cloud points and the new bioprosthesis mesh model is defined as the moving cloud. In this way, the problems due to artifacts, calcifications, motion and/or scatter (coming from the CT-scan of the degenerated valves), have less influence on the registration result. The comparison metric MHD is defined from points coming from the undeteriorated BVS to the surfacic cloud points coming from the degenerated BVS, for the same reasons that we explained above. If the measurement is made the other way (degenerated to undeteriorated), all points belonging to the artifacts would increase the error measure.

In this group, evaluated with the MHD method, the mean difference between degenerated and undeteriorated valves was 0.35+/-0.1 mm, and the maximal difference was 0.369 mm. The results are summarized in table 3.

Specifically, the mean MHD was 0.289 +/-0.022 mm was the Carpentier Edwards Magna Ease valve (Edwards, Irvine, CA) (Figure 3), 0.326 +/-0.00025 mm for the Saint Jude Medical Trifecta (Saint Jude Medical, Saint Paul, MIN) (Figure 4), 0.264 +/-0.021 mm for the Saint Jude Medical Epic valve (Figure 5), and 0.364 +/-0.005 mm for the Carpentier Edwards Perimount valve (Figure 6).

Finally, regarding the surgically extracted degenerated tissue valves (table 4), the mean MHD was 0.139 +/-0.021 mm, and the maximal MHD was 0.164 mm.

DISCUSSION

During valve-in-valve procedures, the precision of THV implantation inside the deteriorated tissue valve impacts hemodynamic outcomes, determines potential procedural complications, and may even impact the THV's durability [START_REF] Bapat | Technical pitfalls and tips for the valve-in-valve procedure[END_REF]. The implantation is guided using the radio-opaque landmarks of both the degenerated surgical valve, as well as the THV. Using a variety of THVs and tissue valves, several studies sought to determine, the ideal level of implantation of the THV inside each type of tissue valve, based on their radiopaque landmarks [START_REF] Azadani | Effect of transcatheter aortic valve size and position on valve-in-valve hemodynamics: An in vitro study[END_REF][START_REF] Simonato | In vitro evaluation of implantation depth in valve-in-valve using different transcatheter heart valves[END_REF][START_REF] Midha | Valve Type, Size, and Deployment Location Affect Hemodynamics in an In Vitro Valve-in-Valve Model[END_REF].

Therefore, it is important to assess whether SVD may alter the bioprostheses' stent, and therefore, radiopaque landmarks. Given that the placement of a THV inside a degenerated tissue valve ideally requires millimeter accuracy, we considered a registration error over 1 millimeter to be significant enough to potentially infer deformation of the radiopaque landmarks.

Among 19 degenerated tissue valves compared to undeteriorated matching valves, we observed a mean difference of 0.35+/-0.1 mm using an ICP 3D registration algorithm, point based registration with known correspondence and the MHD to determine the potential difference. The maximum observed registration error was 0.66 mm. Such findings may even be over-estimated by registration errors subsequent to suboptimal CTscan quality and imaging artefacts.

Regarding image comparison, Dice score and Jaccard index are widely used in medical image registration, but they are not a proper distance metrics (they do not obey the triangular inequality). These metrics can be sensitive to outliers (additional small segmented objects outside the main object), class imbalance (size of the segmented object relative to the background), and number of segmented objects [START_REF] Veltkamp | Shape Matching: Similarity Measures and Algorithms[END_REF][START_REF] Škrinjar | Point-Based Registration with Known Correspondence: Closed Form Optimal Solutions and Properties[END_REF]. Hence, the modified Haussdorff distance, was used, described for matching two objects based on their edge points.

Finally, computer assistance in ViV procedures may rely on the 3D/2D registration of surface meshes extracted from the segmentation of pre-operative CT-scans onto the fluoroscopic image [START_REF] Soulami | Computer-Assisted Transcatheter Heart Valve Implantation in Valve-in-Valve Procedures[END_REF]. This semi-automated step can however be challenging in the case of imaging artifacts, poor-quality or non ECG-gated CT-scans, and in the case of tissue valves with limited radiopaque landmarks, such as the Medtronic Mosaic or the Saint Jude Trifecta valves. Our study suggests therefore that this initial step can be avoided by using surface meshes extracted from undeteriorated corresponding valves. Such valves can in fact easily be scanned, allowing the creation of a database of surface meshes for computer-assisted ViV procedures.

In the setting of computer-assisted ViV procedures, the proposed approach relies on the radiopaque landmarks of the tissue valves for image registration and dynamic tracking [START_REF] Soulami | Computer-Assisted Transcatheter Heart Valve Implantation in Valve-in-Valve Procedures[END_REF]. Stentless valves represent therefore a further complex issue due to the lack of radiopaque landmarks. Equally, evaluation of structural alterations of such valves may therefore be more challenging in order to assess the impact of structural valve deterioration.

CONSEQUENCES OF THE HYPOTHESIS

Our study suggests that SVD does not alter the stent of the bioprosthetic heart valves, and therefore does not modify their radiopaque landmarks. Such findings validate the in-vitro models studying THV implantation inside deteriorated tissue valves using new undeteriorated ones. Moreover, in computer-assisted procedures, it allows the use of undeteriorated valves to create image-based softwares to facilitate ViV procedures. 

TABLES

Figures captions

Figure 1 .

 1 Figure 1. Fluoroscopic view during a valve-in-valve procedure. The transcatheter heart valve (blue arrow) is inserted inside the degenerated tissue valve (white arrow). The optimal level of implantation (dashed line) is determined according to the type of degenerated tissue valve and the used THV.

Figure 2 .

 2 Figure 2. Segmentation of an undeteriorated Mosaic valve (Medtronic, Minneapolis, USA). The radiopaque landmarks are manually marked over the three radiopaque eyelets.

Figure 3 .

 3 Figure 3. Alignment result using ICP algorithm on the Magna Ease 21mm (A) case. First row: Undeteriorated BVS in magenta. Degenerated BVS in blue. Second row: The undeteriorated BVS is colored with the approximate distance and the histogram of distances.

Figure 4 .

 4 Figure 4. Alignment result using ICP algorithm on the Trifecta 23mm (A) case. First row: Undeteriorated BVS in magenta. Degenerated BVS in blue. Second row: The undeteriorated BVS is colored with the approximate distance and the histogram of distances.

Figure 5 .

 5 Figure 5. Alignment result using ICP algorithm on the Epic 21mm (A) case. First row: Undeteriorated BVS in magenta. Degenerated BVS in blue. Second row: The undeteriorated BVS is colored with the approximate distance and the histogram of distances.

Figure 6 .

 6 Figure 6. Alignment result using ICP algorithm on the Perimount 25 (A) case. First row: Undeteriorated BVS in magenta. Degenerated BVS in blue. Second row: The undeteriorated BVS is colored with the approximate distance and the histogram of distances.

  

Table 1 .

 1 Description of the evaluated degenerated tissue valves (ViV = Valve-in-valve).

					Valve Model	Diameter (mm) Number of valves
					Medtronic Mosaic		23	3
	Valves scanned pre-ViV	procedures	Medtronic Mosaic Carpentier Edwards Perimount Magna Ease Carpentier Edwards Perimount Magna Ease Saint Jude Trifecta Saint Jude Epic	27 21 23 23 21	2 3 1 2 2
					Carpentier Edwards Perimount	25	2
	Valves scanned	after surgical	explantation	Medtronic Mosaic Carpentier Edwards Perimount Carpentier Edwards Supra annular Carpentier Edwards Supra annular	27 23 21 23	1 1 1 1
					Registration error
				Model	
					RMS (mm)
	Mosaic 23 (A)	0.3906
	Mosaic 23 (B)	0.4857
	Mosaic 23 (C)	0.4019
	Mosaic 27 (A)	0.6632
	Mosaic 27 (B)	0.5341

Table 4 .

 4 Registration errors with the ICP (RMS) and MHD methods for the four surgically explanted valves (Medtronic Mosaic, Carpentier Edwards Perimount, Carpentier Edwards Supra annular valve)
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