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SUMMARY

Background Valve-in-valve is established as a safe and efficialternative to redo surgery in the
treatment of structural valve deterioration (SVD).vitro models rely on the radiopaque landmarks of
undeteriorated tissue valves to establish the @btimplantation level of the transcatheter healves
inside the deteriorated valves. In computed ashigiocedures, the radiopaque landmarks of the
deteriorated valves may be used to guide valveaniption through image fusion. The purpose of this

study is to determine whether SVD alters the raalipe landmarks of stented tissue valves.

Methods Our approach was based on the computation of aeteanatomical measurements from CT
images. Radiopaque landmarks of degenerated bibeses and the corresponding undeteriorated
valves were extracted to create surface meshesclnd points using grey-level thresholding. 3D
registration using an iterative closest point athon was used to align the corresponding cloud tspin

while the modified Hausdorff Distance was appliediétermine the differences between them.

Results The proposed evaluation was performed on 19 degemk tissue valves. 15 valves were

scanned from patients evaluated for valve-in-vadiecedures, and 4 bioprostheses were scanned after
surgical extraction during redo aortic valve replaent. All the degenerated valves were compared to
the corresponding undeteriorated models. Overal, mean difference between degenerated and

undeteriorated valves was 0.33+/- 0.12 mm. The mai observed registration error was 0.66 mm.

Conclusions Our study demonstrates no significant differeneéwien the radiopaque landmarks of
deteriorated and undeteriorated bioprostheses #fieroccurrence of SVD. Our findings suggest
therefore that SVD does not alter radiopaque lamkisnaf stented tissue valves. These results validat
in-vitro studies of optimal transcatheter heartvealimplantation inside deteriorated tissue vabased

on their radiopaque landmarks, and allow the usenari-deteriorated valves’ imaging features in

computer assisted valve-in-valve procedures.



INTRODUCTION

The vast majority of heart valve replacements ameently performed using stented bioprostheses [1].
Compared to mechanical valves, tissue valves tffeer thrombogenicity and avoid long-term anticdagion.
However, tissue valves are prone to structural evadeterioration (SVD), resulting in limited long+te
durability [1, 2]. SVD manifests as the alteratmfithe tissue valve’s leaflets, either involvindaification and
stenosis or tear and regurgitation, or both [1h tHis context, the Valve-in-valve (ViV) techniqig now
established as a safe and efficient alternativeedm surgical valve replacement in the managemgfailing
tissue valves [3]. ViV consists in the implantatiof a transcatheter heart valve (THV) inside aetegated
tissue valve, under fluoroscopic guidance (FigureThe THV’s level (or depth) of implantation insidhe
deteriorated tissue valve is of paramount impoeafur the attainment of optimal hemodynamics [4]cl$
level is determined based on the deteriorated smhegliopaque landmarks, corresponding to the \g&lstent.
Suboptimal implantation may also lead to complmadi such as device embolization, coronary obstmgcti
periprosthetic regurgitation or mitral valve injysj.

Several in-vitro studies have in fact demonstratedyarious combinations of THVs and bioprostheses
the optimal level of implantation of the THV insitlee tissue valve [4, 6, 7]. Fluoroscopic guidedifi@] for an
ideal implantation have also been suggested. Howelrese benchmarks rely on new, undeterioratesigis
valves, and therefore infer that SVD does not altey tissue valve’s stent, and therefore its raatijpe
landmarks. Nevertheless, SVD occurs typically betw&0 and 20 years after implantation of the tismlee
(473.040.000 heartbeats in 15 years at an aver@de#ts per minute). Given the dynamic architectdiréne
aortic root [9], and the postsurgical changes irti@avall shear stress after aortic valve replacen{@VR)
[10], the statement that valve’s stent remains stodied throughout time has to be challenged.

Moreover, we have previously demonstrated the bdégi of computer assisted aortic ViV procedures
[11]. Our approach was based on the segmentatioth®fpatients’ deteriorated tissue valve from the
preoperative CT-scan, creating a surface meshwthatregistered on the fluoroscopic image. Howeveage
segmentation from patients’ CT-scan can be chaltgnmn the case of imaging artifacts, poor-quabtynon
ECG-gated CT-scans, and in the case of tissue valith limited radiopaque landmarks. In the case of
computer assisted ViV procedures, the use of senfaeshes extracted from undeteriorated bioprostheseld
simplify the image-based assistance, allowing aatliregistration of the corresponding undeteriaratssue

valve with the pre-determined optimal implantatievel.



THE HYPOTHESIS

The purpose of this study is to evaluate whetheb S\fers the radiopaque landmarks of stented tissue
valves. While it has been demonstrated that SVBrsalthe valve's leaflets, little is known of thelweis

structure, including its radiopaque landmarks,roftéier more than a decade of heartbeats.

METHODS

Overall Workflow
This was a retrospective observational study, basedhe comparison of the radio-opaque landmarks of
deteriorated tissue valves and the correspondirdgteniorated models. The evaluation was based en th
computational analysis of CT-scan images. The médion of the degenerated biological valves stBMS)
was extracted either from pre-operative CT-scangatients undergoing a ViV procedure, or from Carscof
surgically extracted degenerated tissue valves eftto AVR. The undeteriorated corresponding bisireses
were scanned while sealed in their original paakggt room temperature. Each BVS was segmented and

represented as a surface mesh.

Stented tissue valves description
The design of tissue valves aims towards mimickireganatomy of the native aortic valve [12]. Pogcialves
consist of 3 porcine aortic valve leaflets, whikripardial valves are made from sheets of bovirreg@ealium,
mounted inside or outside a supporting stent. Valeats are usually metallic or fabricated fromaaiety of
flexible polymers. The ViV procedure involves tmeplantation of a THV inside the degenerated tissalee,
based on the tissue valve's radiopaque featurggu@il). Such landmarks correspond to the valviEsts

additionally to the sewing cuff or stent posts@m models.

BVS Segmentation and Creation of Cloud Points an8urface Meshes
A binary image was created from the original Regibimterest (ROI) from CT images by applying aygtavel
thresholding method using ITK-Snap software [18].the case of pre-ViV scans, calcifications andfaants
were removed manually. A surface mesh was thertertdzased on the edge points of the binary image. T
surface mesh was created for visualization purpdsewvertices were considered as cloud pointsd uisehe

registration method and in the comparison metric.



3D Rigid registration algorithms
Image registration refers to the determination e ¢0 one correspondence between the coordinateeadr
more images such as each corresponding point ¢o tefthe same anatomical point. When the imagdslam
objects that they represent have different scatlingn the images are co-registered, aligned, anthggically
transformed. One of the images is used as refertenitee geometric transformation that is appliedhi@ other
images (source images) so that they finally aligtih whe reference. In this study, iterative clogesint (ICP)
algorithm was used in all the valves except the tkéetc Mosaic (Medtronic, Minneapolis, US) heartvea In
this particular case, point-based registration Withwn correspondence was used given the radiofaquares

of this valve (three radiopaque markers at theofogach stent post) (figure 2).

ICP algorithm: The ICP algorithm is an efficient algorithm forbrgst rigid registration of 3D data. It is
commonly used in medical image registration [14]. The main idea of the ICP algorithm is to seatioh
closest points in the fixed cloud points for all vity cloud points and transform the moving cloudnp®
iteratively. The ICP algorithm iteratively computés® new corresponding relationship and new transtion
until the distance between corresponding point®tsdecreasing anymore or the iteration reachemtrémum

iteration number [14, 15].

Point-based registration with known correspondenceThe goal of this type of registration is to aligvo sets

of points with the same number of correspondingnsoiising a selected transformation type [16],uncase a
rigid transformation. A known correspondence mehas thei-th point from the first set of points corresponds
to thei-th point from the second set of points. This apptoattempts to find the correspondence usingndisti

landmarks that are extracted from images.

Comparison metrics

The Modified Hausdorff Distance (MHD) is used foatthing two objects based on their edge pointsidlse
increases monotonically as the amount of differeme®veen the two sets of edge points increasesjtaad

robust to outlier points that might result from semtation errors [17].



Modified Hausdorff Distance: Given two finite point set® = {ai, &, ..., a} representing the model
(unimplated BVS), an® = {b1, by, ..., a} representing the edge points of the degenerates. B¥ie MHD is

defined as:

where is the number of point iA. This measure indicates the degree of similartyveen two point set3he
MHD is more appropriate than other distance measenés for object matching purposes based on tligje e

points [18, 19].

RESULTS

The proposed evaluation was performed on two data@eble 1). The first group involved data of 15
degenerated tissue valves scanned from patientergmidg a ViV procedure. The second involved 4
deteriorated tissue valves extracted surgicallynduredo surgical aortic valve replacement. Theaskt of all
analyzed valves is summarized in table 1.

Three measures have been used to evaluate andlagsihe result of the alignment of the meshesallestrface

differences, volume-to-volume overlap measure aidtgo-surface distance.

Comparison Outcomes

Medtronic Mosaic valve
The only radio-opaque parts of the Medtronic Mosaitve are the eyelets at the superior aspecteoktént
posts (Figure 2). In this kind of bioprostheség, three eyelets were manually marked on each @nrsnd
the alignment of the bioprostheses was based @e taeadmarks using a point-based registration ndetf@ble
2 shows the root-mean-square (RMS) of the pairdifferences of the two landmarks sets. The gap &etw
the landmarks shows the degree of deformationhigrtype of bioprostheses. Overall, the main RM®&refor

the Medtronic Mosaic Valve was 0.495 mm, while th@ximal error reached 0.663 mm (Table 2).



All other prostheses

The remaining evaluated valves are characterized blgarly visible radiopaque structure (Figure8).3The
alignment of the bioprostheses is based on thedl@&ithm. The parameters of the registration methave
been adjusted as follows: maximum number of iterativas fixed at 50 and the RMS differences less th@e-

5. The degenerated BVS mesh is defined as the filmad points and the new bioprosthesis mesh misdel
defined as the moving cloud. In this way, the peotd due to artifacts, calcifications, motion andioatter
(coming from theCT-scan of thedegenerated valves), have less influence on thistraipn result. The
comparison metric MHD is defined from points comifigm the undeteriorated BVS to the surfacic cloud
points coming from the degenerated BVS, for theesamasons that we explained above. If the measuteime
made the other way (degenerated to undeterioraa#goints belonging to the artifacts would incsedhe error

measure.

In this group, evaluated with the MHD method, theam difference between degenerated and undetedorat

valves was 0.35+/- 0.1 mm, and the maximal diffeeewas 0.369 mm. The results are summarized ir bl

Specifically, the mean MHD was 0.289 +/- 0.022 maswhe Carpentier Edwards Magna Ease valve (Edwards
Irvine, CA) (Figure 3), 0.326 +/- 0.00025 mm foetBaint Jude Medical Trifecta (Saint Jude Medi8alint
Paul, MIN) (Figure 4), 0.264 +/- 0.021 mm for theif® Jude Medical Epic valve (Figure 5), and 0.364

0.005 mm for the Carpentier Edwards Perimount véfigure 6).

Finally, regarding the surgically extracted degates tissue valves (table 4), the mean MHD was®:4/3

0.021 mm, and the maximal MHD was 0.164 mm.

DISCUSSION

During valve-in-valve procedures, the precision TV implantation inside the deteriorated tissueveal
impacts hemodynamic outcomes, determines potept@tedural complications, and may even impact the
THV’s durability [5]. The implantation is guided ing the radio-opaque landmarks of both the degéegra
surgical valve, as well as the THV. Using a variefyTHVs and tissue valves, several studies sotght
determine, the ideal level of implantation of the\inside each type of tissue valve, based on tlagiiopaque

landmarks [4, 6, 7].



Therefore, it is important to assess whether SVY alter the bioprostheses’ stent, and therefordippaque
landmarks. Given that the placement of a THV insidddegenerated tissue valve ideally requires nelien
accuracy, we considered a registration error ovenillimeter to be significant enough to potentiallyfer
deformation of the radiopaque landmarks.

Among 19 degenerated tissue valves compared totemol@ated matching valves, we observed a mean
difference of 0.35+/- 0.1 mm using an ICP 3D ragtibn algorithm, point based registration with mo
correspondence and the MHD to determine the patedifference. The maximum observed registratiaworer
was 0.66 mm. Such findings may even be over-estighby registration errors subsequent to subopt®al
scan quality and imaging artefacts.

Regarding image comparison, Dice score and Jadedex are widely used in medical image registratiout
they are not a proper distance metrics (they dmhey the triangular inequality). These metrics lbarsensitive
to outliers (additional small segmented objectsideatthe main object), class imbalance (size ostdgmented
object relative to the background), and numberegfngented objects[20,21]. Hence, the modified Haarssd
distance, was used, described for matching twoctdbjeased on their edge points.

Finally, computer assistance in ViV procedures medy on the 3D/2D registration of surface meshdsaeied
from the segmentation of pre-operative CT-scans tim¢ fluoroscopic image [11]. This semi-automadézp
can however be challenging in the case of imagitifpets, poor-quality or non ECG-gated CT-scams] a
the case of tissue valves with limited radiopacardimarks, such as the Medtronic Mosaic or the Shide
Trifecta valves. Our study suggests therefore thet initial step can be avoided by using surfacesines
extracted from undeteriorated corresponding val@&sh valves can in fact easily be scanned, aligwire
creation of a database of surface meshes for c@mpasisted ViV procedures.

In the setting of computer-assisted ViV procedutles,proposed approach relies on the radiopaqukmarks
of the tissue valves for image registration andatyic tracking [11]. Stentless valves representetioee a
further complex issue due to the lack of radiopalgmelmarks. Equally, evaluation of structural atems of

such valves may therefore be more challengingderoio assess the impact of structural valve detgion.

CONSEQUENCES OF THE HYPOTHESIS

Our study suggests that SVD does not alter the stethe bioprosthetic heart valves, and thereftwes not

modify their radiopaque landmarks. Such findingéidese the in-vitro models studying THV implantatio
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inside deteriorated tissue valves using new unietted ones. Moreover, in computer-assisted proesq it

allows the use of undeteriorated valves to creatge-based softwares to facilitate ViV procedures.
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TABLES

Valve Model Diameter (mm) | Number of valves
S Medtronic Mosaic 23 3
= Medtronic Mosaic 27 2
f; 4 Carpentier Edwards Perimount Magna Ease 21 3
% ?‘?3 Carpentier Edwards Perimount Magna Ease 23 1
§ % Saint Jude Trifecta 23 2
% Saint Jude Epic 21 2
g Carpentier Edwards Perimount 25 2
g 5 < Medtronic Mosaic 27 1
8 D g Carpentier Edwards Perimount 23 1
q§ g g Carpentier Edwards Supra annular 21 1
S ® © Carpentier Edwards Supra annular 23 1

Table 1.Description of the evaluated degenerated tisshes&ViV = Valve-in-valve).

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 2. Registration errors using the point-based registiawith known correspondence of the Medtronic
Mosaic valve.

Registration error MHD distance
Model
RMS (mm) unsigned mean +std (mm)
Magna Ease 21mm (A) 0.3202 0.2614+0.1867
Magna Ease 21mm (B) 0.3579 0.2999+0.2001
Magna Ease 21mm (C) 0.4009 0.3212+0.2480
Magna Ease 23mm (D) 0.3397 0.2752+0.2188
Trifecta 23mm (A) 0.4440 0.3269+0.2899
Trifecta 23mm (B) 0.4860 0.3264+0.2904
Epic 21mm (A) 0.28857 0.2425+0.1597
Epic 21mm (B) 0.34517 0.2856+0.2304
Perimount 25 (A) 0.4424 0.3595+0.2610
Perimount 25 (B) 0.4479 0.3696+0.2697

Table 3.Registration error using ICP (RMS) and MHD methoddegenerated versus undeteriorated tissue
valves.

Model Registration error MHD distance
RMS (mm) unsigned mean +std (mm)

0.3633 Registration based on

Mosaic
landmark

Perimount 0.3227 0.1413+0.3116
CE SAV (A) 0.2306 0.11223+0.2021
CE SAV (B) 0.2365 0.1648+0.2330
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Table 4.Registration errors with the ICP (RMS) and MHD nuath for the four surgically explanted valves
(Medtronic Mosaic, Carpentier Edwards Perimountp€atier Edwards Supra annular valve)

Figures captions

Figure 1. Fluoroscopic view during a valve-in-valveprocedure. The transcatheter heart valve (blue arrow) igriesl
inside the degenerated tissue valve (white arrdi. optimal level of implantation (dashed linejfletermined according to

the type of degenerated tissue valve and the usidd T

Figure 2. Segmentation of an undeteriorated Mosaic valvéMedtronic, Minneapolis, USA). The radiopaque laraaks

are manually marked over the three radiopayelets

Figure 3. Alignment result using ICP algorithm on tMagna Ease 21mm (A)case. First row: Undeteriorated BVS in
magenta. Degenerated BVS in blue. Second row: THetariorated BVS is colored with the approximateatise and the

histogram of distances.

Figure 4. Alignment result using ICP algorithm on tfigfecta 23mm (A) case. First row: Undeteriorated BVS in magenta.
Degenerated BVS in blue. Second row: The undetéedrBVs is colored with the approximate distance #ne histogram

of distances.

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

of distances.

Figure 6. Alignment result using ICP algorithm on tRerimount 25 (A) case. First row: Undeteriorated BVS in magenta.
Degenerated BVS in blue. Second row: The undeteedrBVS is colored with the approximate distance #re histogram

of distances.
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