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ABSTRACT

Background. 3-dimensional transoesophageal echocardiogré®DylEE) is frequently used as an

initial screening tool in the evaluation of patentho are candidates to Transcatheter Mitral Valve
Replacement (TMVR). However, little is known abdh# imaging correlation with the gold-standard
computed tomography (CT) imaging. We aimed atrigstihe quantitative differences between these

two modalities and finding the best 3D-TEE paramsefer TMVR screening.

Methods. We included 57 patients referred to our Heart VaBlmic for TMVR with prostheses
specifically designed for the mitral valve. Mitrahnulus (MA) analyses were performed using

commercially available software in 3D-TEE and CT.

Results 3D-TEE was feasible in 52 patients (91%). Altho®BP-TEE measurements were slightly
lower than in CT, both measurements of projected Bika and perimeter showed excellent
correlation with small differences between the twodalities (r=0.88 and r=0.92 respectively,
p<0.0001). Correlations were significant but lok@r MA diameters (r=0.68 to 0.72, p<0.0001) and
mitro-aortic angle (r=0.53, p=0.0001). ROC curvalgses showed that 3D-TEE had a good ability to
predict TMVR screening success defined by consiradbased on CT measurements with a range of
129 to 15cm? for MA area (AUC=0.88-0.91, p<0.0001p8 to 139mm for MA perimeter
(AUC=0.85-0.91, p<0.0001), 35 to 39mm for anterdposr diameter (AUC=0.79-0.84 p<0.0001)

and 37 to 42mm for posteromedial-anterolateral diam(AUC=0.81-0.89, p<0.0001).

Conclusion. 3D-TEE measurements of MA dimensions display sfraorrelation with CT
measurements in patients undergoing TMVR screepiogess. 3D-TEE should be proposed as a

reasonable alternative to CT in this vulnerableybajmon.
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ABBREVIATIONS LIST

3D: Three dimensional

AP: Antero-posterior

CT: Computed Tomography

LVOT: Left Ventricular Outflow Tract

MA: Mitral Annulus

MR: Mitral Regurgitation

PM-AL: Posteromedial-anterolateral

TMVR: Transcatheter Mitral Valve Replacement

TEE: Transoesophageal Echocardiography



INTRODUCTION

Recent early clinical reports suggest that Tramstat Mitral Valve Replacement (TMVR) is

a viable therapeutic solution for inoperable orhhitgk patients with symptomatic severe
mitral regurgitation (MR) (1-3). However, the adeament of TMVR solutions face several
challenges including the careful selection of devsze to match the individual dimensions

and the geometry of the mitral annulus (MA). (4,5)

We have recently shown that despite the availgbit several TMVR prosthesis with
different dimensions a very high rejection ratdl siccurs due to anatomy and prosthesis

mismatch in size or risk of neo-left ventriculatftaw tract (LVOT) obstruction. (6)

Cardiac computed tomography (CT) is currently thraging modality of choice for MA
sizing for TMVR screening (7). Recent studies hauggested that 3-dimensional (3D)
transoesophageal echocardiography (TEE) is a phagnisol for assessing characteristics of
MR and MA using dedicated software (8-10). PitfallsCT include radiation exposure,
motion artifact (due to arrhythmias or patient ¢es} and the need for iodinated contrast.
Candidates for TMVR often have renal insufficiendl) and it is thus important to find
alternative imaging methods to avoid contrast adstration in this frail population. Mak et
al. showed that 3D-TEE seems a promising compleangtol to CT for sizing the TMVR

(12). However, the best 3D-TEE parameters to siegtosthesis are still unclear.

In the present study, we aimed to 1) compare M#giasing a novel 3D-TEE method to CT
measurements in candidates for TMVR with varioussfireses and 2) find the best 3D-TEE

parameters for TMVR screening.



METHODS

Study population and design

From November 2016 to May 2019, we prospectivelgisid all consecutive patients with
severe MR referred to our Heart Valve Centre focp@neous implantation because of high-
risk for MR surgery. Inclusion criteria were: agel8 years with severe (grade 1lI-1V) and
symptomatic (New York Heart Association functioédss> 2) chronic MR. Patients were
excluded from TMVR screening if they had severerahiannulus calcification, left atrial or
LV thrombus, prior mitral valve surgery, indicatfor standard cardiac surgery or suitable
anatomy for mitral valve repair using the MitraCNpsystem (Abbott Structural, Santa Clara,
California) according to our Heart Team decisioheTocal ethics committee approved the

protocol and patients gave informed consent

Echocardiography

A comprehensive transthoracic (TTE) and transoesggdl echocardiography (TEE) using 2-
and 3-D imaging was performed in our departmenbiating to current guidelines (13-15)
using state-of-the-art echocardiographic ultrasogydtems (Vivid 9 or Vivid 95, GE
Healthcare, Horten, Norway) under local anaesthesiare the procedure. All measurements
were obtained by TTE expect MA dimensions.

3D TEE reconstruction for measurement of the MA wasgormed off-line on a dedicated
workstation using a commercially available softw##® Auto MVQ, GE Healthcare -
Echopac, version 203, Horten, Norway) (Figure I)ef/, a 3D volume of the MA set was
acquired guided by a multiplane 2D-TEE view. Theal diastolic frame was selected. An
alignment step was performed to ensure standardizdcexpected views where vertical axis
crosses through the center of the mitral valve evtiie horizontal axis is parallel to the mitral

valve. Six landmarks were then placed: two mitrahwdus points, two anterior/posterior



points, the coaptation plus the aorta point. A clet@3D reconstruction of the mitral annulus
was automatically performed but which can be editgdhe operator. Finally, a review stage
was performed to check the 3D model in all slidplane, Scallops and Commissures) and
several MA dimensions and geometry were determinyethe 4D Auto MVQ software.

Cardiac Computed Tomography

Contrast-enhanced cardiac CT images were also radquor screening and procedure
planning. CT examinations were performed using a ltiphase retrospectively
electrocardiogram-gated data acquisition. Brigitytral annular measurements were made at
60% of the cardiac cycle based on a saddle shaperépected) orifice contour (16,17)
(Figure 2) and mitral annular segmentation was goeréd using a dedicated software
(3mensio, Pie Medical Imaging. Bilthoven, The Neldweds) as previously described (7,18).
All CT measurements were performed by the samemasicular radiologist with 12 years of
experience in cardiac CT and with 3 years’ expeeerusing this software. These
measurements included MA area, 3D and projectedmpters, antero-posterior and
posteromedial-anterolateral diameter and mitroiaarigle.

Screening for TMVR

TMVR screening was performed for several dedicgisustheses (Intrepid™ [Medtronic,
Minneapolis, Minnesota] (outer diameters 43-46-5Q0miendyne™ [Abbott Structural,
Santa Clara, California] (sizes ranging from 334th) and HighLife™ [HighLife, Paris,
France] (outer diameter 26.5mmYhe final suitability decision was given by the
manufacturer based on CT measurements of projediechrea, projected MA perimeter,
antero-posterior (AP) and posteromedial-anterad&t@?M-AL) diameter, mitro-aortic angle
and risk of neo-LVOT obstruction. This screeningssified patients as being suitable for
TMVR implantation, or not suitable because of tamé or too small mitral annulus anatomy.

Statistical analysis



Continuous variables were tested for normality wihapiro test, and were displayed as
meantSD. Continuous variables with no Gaussiarriloigion were displayed as median
(IQR). Categorical variables were displayed as grtages of individuals. Linear regression
was used to explore the correlation between 3D-8B& CT measurements using Pearson
correlation coefficient. Comparisons between 2 mesaments were performed using a paired
t-test. Agreement between these two methods wadaglesd with plots using Bland-Altman
method. (19). All 3D-TEE measurements were perfarrbg an observer (AC) blinded to
patient information and CT analysis. Interobsemnvanability was quantified in 10 patients
with a second observer (SA) blinded to all measergm with intraclass correlation
coefficient with 95% confidence intervals. Recei@perating Characteristics (ROC) curve
analyses were used to determine the 3D-TTE cutvatfs the higher discriminating power to
predict exclusion from TMVR due to too large or temall anatomy. Statistics were

performed using MedCalc v16.4 (Olstead, Belgium).



RESULTS

Characteristics of patients referred to the Headri and eligible for TMVR screening

Among the 57 patients included, 2 patients hadiactated LV view with commissures out of
the 3D data set and 3 patients had inadequate iy dueto severe pulmonary disease.
Patients were elderly (77+9 years), with a sexorafi nearly 1 and few diabetic patients
(21%). Most of the patients (60%) were in NYHA 3 4r Almost a half presented with
chronic kidney disease and 15% had previous casliegery. These characteristics translates
into high EuroScore Il and STS predicted risk ofrtality, 3.05 [2.00-6.08] and 5.75 [3.67-
8.70], respectively. MR mechanism was mainly prin@0%) with a posterior mitral valve
leaflet mostly involved (58%). LV function was naah{ejection fraction>60%) in 26 patients
(50%) and moderately impaired (ejection fractionwsen 30% and 60%) in 26 patients
(50%). No patient had severe LV dysfunction (egattiraction <30%). 33 patients (63.5%)
had previous and paroxysmal atrial fibrillation jANo patient was in AF at the time of the

CT of TEE acquisition.

Comparison of 3D-TEE and CT measurements

Both projected MA area and perimeter measurememt® the parameters with the best
concordance with CT, showing excellent correlafizi®.88, p<0.0001 and r=0.92, p<0.0001,
respectively) with small differences between the tmodalities (-0.05+0.72, p=0.68 and
1.09+£3.39, p=0.54 respectively by paired t-testpt€ 1, Figures 3). Correlation was
significant but lower for MA diameters (r=0.72, p@001 for AP diameter and r=0.68,

p<0.0001 for PM-AL diameter) and mitro-aortic angt0.53, p=0.0001).

In Bland-Altman analysis, 3D-TEE measurements welghtly smaller than CT
measurements for most measurements with the folpwiifferences: mean projected MA

area difference = 0.1cm? (range, 3.6 to -3.4crm®jepted MA perimeter difference = -0.6mm
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(range, 13.7 to -15mm), A-P diameter differencmm (range, 6.8 to -10.7mm) and PM-AL

diameter difference = -2.8mm (range, 6.7 to -12.4{ffigures 3).

Intraclass correlation coefficient for the 10 patgetested was 0.97 (0.79-0.99) for projected
MA area, 0.87 (0.50-0.98) for projected MA perimei@.94 (0.55-0.99) for A-P diameter,
0.93 (0.53-0.99) for PM-AL diameter and 0.60 (-1(84) for mitro-aortic angle. Mitral
annulus dimensions by TEE and CT according to MRhaerism are given in Supplemental

Table 1.

Receiver Operating Characteristic Curve Analyses foprediction too large or too small

annulus with 3D-TEE

Among the 52 patients screened for TMVR, 34 pati€65%) were refused, 20 (38%) for a
too large annulus and 14 (27%) for a too small armincluding 11 with risk of LVOT
obstruction. Screening success rate was significargher in secondary than in primary MR,

respectively 71.4% vs. 19.4%, p=0.0008.

ROC curve analyses showed that 3D-TEE had a goititydb predict too large anatomy as
defined by constructors based on CT measuremetitsaweut-off of 15cm?2 for projected MA

area (area under the curves (AUC) =0.91, p<0.00039mm for projected MA perimeter
(AUC=0.91, p<0.0001), 39mm for A-P diameter (AUC84). p<0.0001) and 42mm for PM-
AL diameter (AUC=0.89, p<0.0001) (Table 2). In ddui, the discrimination ability of 3D-

TEE to predict too small annulus defined on CTrgzivas also good with a cut-off of
12.9cm? for projected MA area (AUC=0.88, p<0.00a)8mm for projected MA perimeter
(AUC=0.85, p<0.0001), 35mm for A-P diameter (AUCAD. p=0.003) and 37mm for PM-
AL diameter (AUC=0.81, p<0.0001) (Table 3). Impotty, predictions for screening were
always consistent between 3D-TEE and CT. ROC cusmedyses for predicting too large or

too small annulus with 3D-TEE are given in SuppletakFigures 2.
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Implantation results

Among the 18 patients with screening success, 8 tefore TMVR and 16 underwent
TMVR. 14 patients (87.5%) had successful implaotatwithout complication, 1 (6.25%)
presented severe paravalvular leak, and 1 (6.25%gemate intravalvular leak. 1 patient
presented a significant LVOT obstruction (max aovilocity = 3.4m/s) but without clinical

signs. All the results of the implantations areegivn Supplemental Table 2.
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DISCUSSION
Exploring 52 eligible patients referred to our Heéalve Clinic for a TMVR with a variety of

dedicated prostheses, we found that 3D-TEE measntsnof MA dimensions is 1) feasible
in 90% of the cases (52/57), 2) displays good aftserver agreement and correlations with
CT measurements and 3) poses very high accurapyettict TMVR screening success as

defined by manufacturer recommendations for CT oreasents.

With commercially available software and improvemgn3D technology, 3D-TEE has the
unique capacity of showing the MA and the mitralveafrom anen face perspective with a
high temporal and spatial resolution. It is thusbably one of the best methods for

visualizing and exploring the anatomy and dynamiéitine MA. (20,21)

Usefulness of MA evaluation using 3D-TEE has begorted in patients undergoing surgical
(22,23) or percutaneous (24) mitral valve repaid a ischemic MR (10) or in the presence
of mitral annular disjunction (25). Only one pristudy showed its usefulness in TMVR
sizing for a dedicated prosthesis (12). In linehwtihe latter study, we found an excellent
correlation between 3D-TEE and CT for MA area ardrpeter measurements (r=0.88 and
r=0.92 respectively) and a good correlation for RM-diameter (r=0.68), despite different
software for TEE MA sizing. The lower correlatioor fPM-AL diameter may be due to a
suboptimal resolution in the lateral part of thearl plane in 3D-TEE, reducing the ability
to distinguish blood from tissue (26). We showerhéa MA dimensions (MA area and
perimeter=14.8cm? and 137.8mm respectively) thark M& al. (11.4cm? and 123mm
respectively) or other studies (27,28). This canekplained by the characteristics of our
population, i.e. older patient, with a higher prdgmm of primary and severe MR. Indeed, in
line with Mak et al. findings, we found that primaMR were associated with larger MA

measurements (Supplemental Table 1). We also fdoweér screening success rates in
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primary MR. These differences in TMVR screenibgtween primary and secondary MR

should be explored in further studies.

TEE-derived MA area between 12.9 and 15cm? and MAmeter between 128 and 139mm
can predict screening success with specificitysBatig accuracy (Figure 4). We did not
included patients with AF at the time of the acdigs. The way to manage AF both for CT

and 3D-TEE acquisition and analysis should be erplin further studies.

Almost a half of patients referred for TMVR presahiwith chronic kidney disease in our
centre. Thus, using 3D-TEE measurements of MA is-lfne imaging modality appears
clinically relevant to avoid iodinated contrastaicijion mandatory with screening CTs. Even if
the final decision will be taken with CT analysssy study is the first to propose range of 3D-
TEE measurements to predict TMVR screening sucfmesthe currently available TMVR

sizes.

Limitations

The software uses a semi-automated segmentati@nithlg to initiate a 3D model from
where MA measurements are calculated, with an entterisk of giving inaccurate 3D
models. A review step is thus mandatory to confilne accuracy of the model. Though this
step may lead to discrepancies, the interobseragahility was at least good in our study.
Moreover, current software allows MA analysis dgrione moment of the cardiac cycle.
Since MA area is highly dynamic, with a 20-30%uetibn during LV contraction (29), a
dynamic evaluation with a multiphasic annular assesnt would probably improve the
annular sizing. Although the final suitability deicin was given by the manufacturer, the
criteria for suitability was the same for the 3 ideg. However, this criterion must be
confirmed in the futureEven if we present data from the most used preghas the

companies produce different size devices, the ffatvall change depending on the company
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and must be confirmed in further studies. Poor enagality still an issue for 3D-TEE
analysis in almost 10% of the screened populatibriortunately,both TEE or CT did not give

us any clues regarding postoperative issues. TgielhWOT gradient and the significant MR observed
in 3 patients were actually secondary to per-procedssues and calcifications that are in our mind

hardly predicted even a posteriori by pre-op sdreprFinally, we report the current largest
TVMR population with 3D-TEE, CT and screening foeditated TMVR prosthesis.
However, our results and ranges of 3D-TEE measursmshould be tested in larger

populations.

Clinical perspectives

3D-TEE is feasible and useful to measure MA dimamsiin patients referred for TMVR,
displaying good interobserver agreement and cdiveks with CT measurements and high
accuracy to predict TMVR screening success. It inighproposed as a reasonable alternative

to avoid unnecessary CTs in this vulnerable popriat

CONCLUSION

3D-TEE measurements of MA dimensions are feasibldaily practice to predict TMVR
screening success with acceptable accuracy andoliserver agreement, and good

correlations with CT measurements.
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FIGURE LEGENDS

Figure 1. Mitral annulus sizing using 3D-TEE MVQ sdtware

A, A 3D volume of the mitral annulus set is acquifien a multiplane 2D-TEE viewB, Alignment
step is mandatory to ensure standardized and expews where vertical axis crosses through the
center of the mitral valve while the horizontal saig parallel to the mitral valv€, 6 landmarks are
then placed (two mitral annulus points, two ant@piasterior points, the coaptation plus the aorta
point. D, A complete 3D reconstruction of the mitral ansulsi finally performed. Once all lines have
been checked, areg)( perimeter ) or PM-AL diameter (yellow lineG) for example are determined
by the 4D Auto MVQ software. 3D: Three dimensiorRM-AL: Posteromedial-anterolateral; TEE:
Transoesophageal Echocardiography

Figure 2. CT mitral annulus measurements

A, Mitral annular segmentation is manually performesing a dedicated software (3mension, Pie
Medical Imaging. Bilthoven, The Netherlands) by gig 16 points around the annuluB, the
software automatically generates the 3D reconstnuctf the mitral annulus with its parameters on a
short-axis view an€, the corresponding aorto-mitral angle on a 3-chermbew

Figures 3. Bland-Altman plots and correlations forcomparison of 3D-TEE and CT

mitral annulus measurements.Comparison of A) MA area, B) MA perimeter, C) A-Racheter
and D) PM-AL diameter. P-value by linear regress3én Three dimensional; AP: Antero-posterior;
MA: Mitral Annulus; PM-AL: Posteromedial-anterolaéé TEE: Transoesophageal Echocardiography

Figure 4. Ranges of 3D-TEE measurements for TMVR stability
AP: Antero-posterior; PM-AL: Posteromedial-antetetal

Supplemental Figures 1. ROC curves analyses for paection too large (A) or too small
(B) annulus with 3D-TEE
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Table 1: Comparison between TEE and CT measurements

A 3D-TEE —

3D-TEE CT cT Absolute % error R p-value
Projected MA area (cm?) 14.8+3.7 14.8+3.5 -0.05+£0.72 5.96 (3.64-9.83) 0.88 <0.0001
Projected MA perimeter (mm] 137.8+17.8 | 138.8 + 16.3 1.09 +3.39 2.25(1.52-4.34) 0.92 <0.0001
A-P diameter (mm) 39.4+58 41.4+6.2 2.06 +1.18 8.28 (5.69-10.0) 0.72 <0.0001
PM-AL diameter (mm) 41.3+6.2 44.2+5.8 2.84+1.19 9.09 (6.11-11.06) 0.68 <0.0001
Anterior leaflet length (mm) 28.2+5.3 32.3+64 4.12+1.17 15.88 (9.75-22.07 0.28 0.05
Mitro-aortic angle (°) 117.5+155 115.5+ 26.5 -2.07+4.28 7.81 (6.08-11.24) 0.53 0.0001

AL: Anterolateral; A-P: AnteroPosterior; MA: Mitral Annulus;, PM: Posteromedial.
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Table 2: ROC analyses for prediction too large annlus with 3D-TEE

AUC p-value Cut-off Sensitivity | Specificity
3D-TEE
MA area (cm?) 0.91 <0.0001 15 88.9 87.9
MA perimeter (mm) 0.91 <0.0001 139 83.3 87.9
A-P diameter (mm) 0.84 <0.0001 39 94.4 60.6
PM-AL diameter (mm) 0.89 <0.0001 42 83.3 84.9
Anterior leaflet length (mm) 0.67 0.03 26 88.9 39.4
Mitroaortic angle (°) 0.65 0.06 112 66.7 68.8

AL: Anterolateral; A-P: AnteroPosterior; MA: Mitral Annulus; PM: Posteromedial
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Table 3: ROC analyses for prediction too small annlus with 3D-TEE

AUC p-value Cut-off Sensitivity | Specificity
3D-TEE
MA area (cm?) 0.88 <0.0001 12.9 81.8 82.5
MA perimeter (mm) 0.85 <0.0001 128 72.7 85
A2-P2 diameter (mm) 0.79 0.003 35 72.7 90
PM-AL diameter (mm) 0.81 <0.0001 37 72.7 82.5
Anterior leaflet length (mm) 0.74 0.007 24 54.6 85
Mitroaortic angle (°) 0.52 0.79 120 90.9 30.8

AL: Anterolateral; A-P : AnteroPosterior; MA: Mitral Annulus, PM: Posteromedial
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Figure 1. Mitral annulus sizing using 3D-TEE MVQ sdtware

A, A 3D volume of the mitral annulus set is acquifiemn a multiplane 2D-TEE viewB, Alignment
step is mandatory to ensure standardized and expews where vertical axis crosses through the
center of the mitral valve while the horizontal sais parallel to the mitral valv€, 6 landmarks are
then placed (two mitral annulus points, two ant@piasterior points, the coaptation plus the aorta
point. D, A complete 3D reconstruction of the mitral ansuiksi finally performed. Once all lines have

been checked, areg)( perimeter ) or PM-AL diameter (yellow lineG) for example are determined
by the 4D Auto MVQ software
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Figure 2. CT mitral annulus measurements

A, Mitral annular segmentation is manually performesing a dedicated software (3mension, Pie
Medical Imaging. Bilthoven, The Netherlands) by gig 16 points around the annuluB, the
software automatically generates the 3D recon$tmucif the mitral annulus with its parameters on a
short-axis view ane, the corresponding aorto-mitral angle on a 3-crermbew
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Figures 3. Bland-Altman plots and correlations forcomparison of 3D-TEE and CT

mitral annulus measurements Comparison of A) MA area, B) MA perimeter, C) A-P

diameter, D) PM-AL diameter and E) Mitro-aortic é&g-value by linear regression

A.
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Figure 4. Ranges of 3D-TEE measurements to predi@tMVR screening success

Perimeter: 128-139mm

Area : 12.9-15¢cm?

. «—— PM-AL diameter: 37-42mm

A-P diameter : 35-39mm
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