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ABSTRACT

Background: A longer-arm clip design for transcatheter edge-to-edge repair of mitral and tricuspid valves could be beneficial in
treating complex valve pathologies. Its hemodynamic effects and usability are unknown. This study aims to assess its new design
in an ex-vivo beating heart model.

Methods: The long-arm clip was implanted in porcine left (n = 14) and right (n = 6) hearts with induced degenerative mitral
regurgitation and functional tricuspid regurgitation, respectively. Hemodynamic conditions were assessed at baseline, pathology
and post-treatment. Usability and grasping quality were evaluated during simulated treatment.

Results: Mitral valve treatment significantly increased cardiac output (p < 0.001) and decreased mean left atrial pressure during
ventricular systole (p = 0.001) with respect to pathological conditions. Tricuspid treatment with grasping involving septal leaflet
significantly increased cardiac output (posterior-septal grasping: p = 0.006; anterior-septal grasping: p = 0.04). There was no
significant increase of transvalvular gradient pressure nor tissue damage.

Conclusion: Long-arm clip treatment was feasible in porcine hearts, it effectively reduced regurgitation and did not significantly
increase the transvalvular pressure gradient.

Abbreviations: MV, mitral valve; DMR, degenerative mitral regurgitation; FTR, functional tricuspid regurgitation; TV, tricuspid
valve; XTR Clip, long-arm clip; P2, posterior middle scallop of mitral valve; MRF, mitral regurgitation fraction; A-P, medial grasping
of anterior and posterior leaflets; A-S, medial grasping of anterior and septal leaflets; P-S, medial grasping of posterior and septal
leaflets; CO,, systemic cardiac output; CO,, pulmonary cardiac output; AoP, mean aortic pressure; PAP, mean pulmonary artery
pressure; LAP, mean left atrial pressure; LAP,,;, mean left atrial pressure during ventricular systole; Ap,,, mean diastolic pressure
gradient across mitral valve; Ap,, mean diastolic pressure gradient across tricuspid valve; APd, mid-systole mitral antero-posterior

distance; Cl, confidence interval
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Introduction

Mitral (MV) and tricuspid valve (TV) pathologies are age-
related and their burden is predicted to increase as the life
expectancy rises.' MV regurgitation is the most common
valvular pathology with an overall prevalence of 2%, with
70% of surgical cases being degenerative aetiology (degenera-
tive mitral regurgitation; DMR).”’ Functional tricuspid regur-
gitation (FTR) is typically observed secondary to left heart
diseases, and severe FTR has been specifically associated with
high mortality when untreated.

Since these valvular diseases occur with increased frequency
in elderly populations having high surgical risk, MV and TV
treatment with a transcatheter approach is being increasingly
used. Edge-to-edge MV treatment with MitraClip device
(Abbott Structural Heart, Santa Clara, CA, USA) is the most

commonly used catheter-based technique for MV repair with
over 75,000 implants to date. Over 10 years clinical experience
has demonstrated high procedural success (up to 97% patients
with mitral regurgitation reduction to grade <2) and low adverse
events rate (0.1% procedural mortality).”® These results have
also encouraged translation of the technique to FTR treatment
with promising initial clinical outcomes.”*

Non-standard approaches have been applied to enable the
use of the device in scenarios with extreme coaptation defects
(e.g. zipping procedure, drugs, intra-aortic balloon pump
support).”'’ In such situations, a long-arm clip device could
be beneficial not only in terms of further improving ease of
the grasping, but may also broaden the population of patients
that could be treated with clip-based therapy. However, effects
of longer clip arms on valvular pressure gradients is unknown,

CONTACT Michal Jaworek @ michal. jaworek@polimi.it @ Department of Electronics, Information and Bioengineering, Politecnico di Milano, Via Golgi 39, Milano

20133, Italy.
@ Supplemental data for this article can be accessed here.

© 2019 Cardiovascular Research Foundation


http://orcid.org/0000-0002-1484-8913
http://orcid.org/0000-0002-2269-2111
http://orcid.org/0000-0003-4842-5000
http://orcid.org/0000-0002-2614-2168
http://orcid.org/0000-0002-8988-8311
http://orcid.org/0000-0003-2646-1633
http://orcid.org/0000-0002-9003-0240
https://doi.org/10.1080/24748706.2019.1590666
https://crossmark.crossref.org/dialog/?doi=10.1080/24748706.2019.1590666&domain=pdf&date_stamp=2019-04-03

2 M. JAWOREK ET AL.: LONG-ARM CLIP FOR EDGE-TO-EDGE TREATMENT

which could relate to long-term outcomes.'' Moreover, device
positioning and implantation through MV and TV with
a longer arm clip have not yet been systematically assessed.

The aim of this experimental study was to evaluate, in an
ex-vivo beating heart platform, the effects of DMR and FTR
treatment with a novel clip featuring extended arms by means
of (1) the immediate post-operative hemodynamic changes,
and (2) device usability.

Materials and methods
Device description

A new clip has been developed as an additional implant size
option to the current MitraClip NT device. The novel design,
referred to in this publication as “XTR Clip” (Figure 1), has
arms that were extended from 9 mm (existing commercially
available clip) to 12 mm. The new clip’s gripper component,
which contacts the atrial side of the leaflets, has also been
extended and the number of frictional element rows along its
length was increased from four to six.

Ex-vivo beating heart model

Percutaneous treatments of MV and TV regurgitation using
the XTR Clip device design were assessed in an ex-vivo beat-
ing heart model that was specifically designed for MV and
TV" treatment assessment. Porcine left or right hearts were
actuated by a positive displacement pump causing dynamic
opening and closing of the heart valves. The aorta or pulmon-
ary artery were connected to a flow loop simulating systemic
or pulmonary circulation impedance with adjustable periph-
eral resistance, respectively. In both left and right heart testing
protocols, the systems were set to reproduce physiological
resting conditions (heart rate 60 beats/min; stroke volume
70 mL). Peripheral resistance was adjusted to yield mean
baseline aortic and pulmonary artery pressures at approxi-
mately 100 mmHg and 15 mmHg, respectively. With this
setup, pressure changes could be observed depending on
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flow conditions at pathological and post-treatment conditions.
Echocardiography was used to measure valve morphology and
to help guide device implantation (iE33 equipped with X7-2t
probe, Philips, Eindhoven, The Netherlands). Direct visualiza-
tion of the valves in the atrial view was enabled by fiberscope
imaging (ENF-GP, Olympus Corp., Tokyo, Japan).

DMR treatment protocol

DMR model

The DMR pathological condition was induced by adopting
the well-established experimental approach'*”'® based on
direct cutting of the primary chordae tendineae attached to
the free edge of the posterior middle scallop (P2). This
resulted in a P2 flail which coincided with the most common
DMR lesion.'” Representative fiberscopic and echocardio-
graphic snapshots of the baseline and pathological MV are
presented in Figure 2A.

Protocol

A total of 14 heart samples were evaluated in the following
conditions: baseline, DMR and post-treatment. Following
DMR creation the obtained pathological model was classified
as moderate or severe DMR based on mitral regurgitation
fraction (MRF) which was estimated from the aortic flow
measurement as explained in the Appendix. The samples
with MRF>50% were considered as severe.'®

Implantation technique

The XTR Clip was implanted by an expert operator, posses-
sing clinical and experimental experience, under direct fiber-
scopic guidance (for procedure control and repeatability) and
echocardiographic guidance support. To ensure clinically
representative maneuvers, the steerable guide catheter was
inserted into a silicon model of the inferior vena cava which
in turn was attached to the left atrium via a surgically-made
access through the fossa ovalis. The clip delivery system was
then inserted into the guide catheter and the clip was

Figure 1. Images of commercially available NT clip device: (A) and design of XTR clip (B).
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Figure 2. Ex-vivo pathological models: Representative 3D echocardiographic (upper row) and fiberscopic (lower row) images in the atrial view of baseline and
pathological models of mitral (A) and tricuspid (B) valve. PL, posterior leaflet; AL, anterior leaflet; SL, septal leaflet.

advanced into the left atrium above the MV. After confirming
clip perpendicularity to the valvular plane, its arms were
opened and the clip was advanced below the valvular plane.
Finally, the P2 flail was grasped along with the corresponding
anterior middle scallop and the clip was closed.

FTR treatment protocol

FTR model

As described elsewhere'>'? the FTR pathological model
exploited the tendency of the right porcine ventricle to dilate
under physiological pressure in an ex-vivo setup. TV annulus
dilation and right ventricular papillary muscle displacement
were observed, leading to TV regurgitation. This experimental
model is characterized by regurgitation orifice area of
1.3 + 0.9 cm’. Valve competency could be restored if desired
by tensioning two adjustable bands placed externally to the
right ventricle at TV annulus and papillary muscle level.
Representative fiberscopic and echocardiographic snapshots
of the baseline and pathological TV are presented in
Figure 2B.

Protocol

Six right heart samples were evaluated at baseline, FTR and
post-treatment conditions including medial grasping of the
following leaflet pairs: anterior-posterior (A-P), posterior-sep-
tal (P-S) and anterior-septal (A-S).

Implantation technique

The XTR Clip implantation in the TV was performed in
a similar manner to the DMR treatment previously described.
However, in this case, access to the right atrium was made
directly via inferior vena cava. Grasping at A-P, P-S and
A-S positions was performed in randomized order. After
completing the grasping at the first position, the clip was re-
opened, retracted back into the right atrium and the

procedure was repeated with grasping performed at
the second and the third position.

Hemodynamics assessment

The MV and TV regurgitation and overall hemodynamics
were quantified at baseline, pathological and post-treatment
conditions by direct hemodynamic measurements including:
systemic/pulmonary cardiac output (CO,/CO,), mean aortic/
pulmonary pressure (AoP/PAP), mean left atrial pressure
(LAP), mean left atrial pressure during ventricular systole
(LAPgy) and mean diastolic pressure gradient across MV/
TV (Apm/Apy). Mid-systole mitral antero-posterior distance
(APd) was obtained from echocardiographic images.

Usability and grasping quality assessment

Ease of grasp was assessed by counting the number of grasping
attempts required to successfully capture both leaflets within
the XTR Clip. Grasping quality was assessed by quantifying the
amount of leaflet tissue captured between the clip arms and
grippers. The clip arm length was divided into 12 sections
corresponding to the 12 frictional element rows distributed
along the two grippers (six rows on each, see Figure 1) and
leaflet insertion percentage was calculated as the ratio between
the number of frictional element rows engaged with tissue after
capture and the total number of frictional element rows.

Statistical assessment

All values were presented as mean + standard deviation fol-
lowing the normal distribution assessed by the Kolmogorov-
Smirnov test. ANOVA analysis for repeated measures was
used to assess the statistical differences between baseline,
pathological and post-treatment conditions. Bonferroni’s
post-hoc test was applied to compare pathological conditions
with baseline and post-treatment conditions, whereas Tukey’s
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Multiple Comparison test was used to evaluate differences
among FTR post-treatment conditions. Moderate and severe
DMR subpopulations were compared by unpaired t-test.
A p-value <0.05 was assumed as statistically significant. For
post-treatment Ap,, and Ap, expressed as 95% confidence
intervals (Cls) range were compared with the value of clinical
threshold for mitral stenosis after edge-to-edge repair equal to
5 mmHg."' The same value was used for TV stenosis thresh-
old due to the lack of clinical reference. Lack of stenosis risk
could be claimed if the upper limit of CI was not greater than
the defined threshold.

Results
Mitral regurgitation treatment in DMR model

Table 1 summarizes all measured parameters related to XTR
Clip use in DMR model. DMR condition induced significant
hemodynamic changes of CO;, AoP, LAP and LAPg (~59%,
—44%, +22%, +34%, respectively, all p < 0.001) when compar-
ing to the baseline. The estimated mean MRF in DMR con-
ditions was 48 * 24%, which represents a mix of moderate
and severe samples. APd value was unchanged (p = 0.4) with
respect to the baseline, as expected.

The treatment significantly improved the hemodynamic
condition as evidenced by consistent increase of COg and
AoP by 119% and 55% (both with p < 0.001), respectively
and drop of LAP, LAP, and APd by —11% (p = 0.007), —-18%
(p =0.001) and —7% (p = 0.01), respectively. The pathological
and post-treatment Ap,,, did not differ significantly while the
95% CI of post-treatment Ap,, ranged between 0.8 and
2.8 mmHg and the upper limit was below the defined steno-
sis-risk threshold (5 mmHg).

Table 2 summarizes the change in hemodynamic conditions
when the data pool was subdivided into moderate and severe
case groups. These two groups had mean MRF of 28 + 15% and
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67 + 12%, respectively. In both subgroups, inducing DMR
resulted in a significant drop of CO; (p < 0.001 for both) and
AoP (p = 0.002 for moderate cases, p < 0.001 for severe cases)
and an increase of LAPy (p = 0.001 for moderate cases, p = 0.01
for severe cases). The treatment resulted in significant increases
in CO; (p = 0.01 in moderate cases, p < 0.001 in severe cases) and
AoP (p = 0.04 in moderate cases, p = 0.002 in severe cases) and
resulted in a significant decrease in LAP, (p = 0.005 in mod-
erate cases).

When comparing the severe with moderate subpopulation,
there was no significant difference in CO; between the two
groups at baseline (p = 0.9) and post-treatment (p = 0.3).
However, in DMR conditions the severe subpopulation had
a significantly lower CO; when compared to the moderate
subpopulation (p = 0.01).

Tricuspid regurgitation treatment in FTR model

In all six heart samples FTR conditions were successfully simu-
lated. Table 3 summarizes hemodynamic results. Inducing
pathological conditions resulted in a significant drop of CO,
(—28%, p = 0.02). Grasping in the A-S and P-S locations resulted
in a significant increase of CO, (47%, p = 0.006 and 38%,
p = 0.04, respectively). Specifically, no statistical difference
between the A-S and P-S treatments was found. PAP and Ap,
did not significantly change after clip implantation at any grasp-
ing locations. Upper limits of 95% CI of post-treatment Ap, were
as follows: 2.5 mmHg for A-P grasping, 2.3 mmHg for
A-S grasping and 2.7 mmHg for P-S grasping and they all were
below the defined stenosis threshold (5 mmHg).

Usability

The XTR Clip was successfully maneuvered and implanted in
all cases using positioning and grasping techniques per the
instructions for use. Two representative fiberscopic videos of

Table 1. XTR clip treatment in DMR model (14 samples): Overall comparison of the hemodynamic and echocardiographic parameters.

Parameter Baseline DMR Post-treatment
COq, L/min 2.7 + 0.8% 1.1+£0.6 2.0 + 0.6*
AoP, mmHg 92.1 + 17.3* 50.6 + 21.3 72.2 + 20.9*
Ap,,, mmHg 1.1+13 1.1+1.0 19+15
LAP, mmHg 19.5 £ 1.6* 23.8 + 2.1 213 + 2.3*
LAP,, mmHg 20.2 + 1.7* 274 + 40 225 + 3.6*
APd, mm 33.0+22 323+ 20 299 + 2.6*

Note. *Statistical significance vs. DMR (p < 0.05).

CO,, cardiac output; AoP, mean aortic pressure, Ap,,, mean diastolic pressure gradient across mitral valve; LAP, mean left atrial pressure; LAP,,;, mean left atrial
pressure during ventricular systole; APd, anteroposterior distance; DMR, degenerative mitral regurgitation.

Table 2. Severe (seven samples) and moderate (seven samples) DMR treatment with XTR clip: Hemodynamic conditions assessment.

CO;, L/min AoP, mmHg Apm, mmHg LAPgys;, mmHg
Moderate Severe Moderate Severe Moderate Severe Moderate Severe
Baseline 2.7 = 0.9* 28 £ 0.7* 90.9 + 11.3* 93.8 + 21.7* 1.0+13 1.3+£13 19.5 + 1.3* 213 + 1.0*
DMR 1.5 £ 0.5t 0.7 = 0.4t 613 + 22.6 39.8 + 14.0 1.1 £08 1.2+13 257 £ 2.7 29.0 + 4.7
Post-treatment 2.1 + 0.6* 1.8 + 0.7* 80.1 + 18.7* 64.4 + 21.4* 1.7 £15 1.9+ 17 209 + 1.3* 249 + 4.2

Note. *Statistical significance vs. DMR (p < 0.05); tStatistical significance between moderate and severe cases (p < 0.05).
CO,, cardiac output; AoP; mean aortic pressure; Apy,, mean diastolic pressure gradient across mitral valve; LAP,, mean systolic left atrial pressure; DMR,

degenerative mitral regurgitation.
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Table 3. XTR clip treatment in FTR model (six samples): Overall hemodynamic condition assessment.

Post-treatment

Parameters Baseline FTR A-P A-S P-S
COp, L/min 2.3 + 0.3* 1.6 +£0.2 19+03 2.4 + 0.5*% 2.2 + 0.5%
PAP, mmHg 249 + 1.6 208 + 14 215+ 26 231+ 27 223 + 4.1
Ap,, mmHg 14+ 0.6 20+ 08 1.8+ 0.6 13+1.0 16 + 1.1

Note. *Statistical significance vs. FTR (p < 0.05).

CO,, cardiac output; PAP, mean pulmonary artery pressure; Ap;, mean diastolic pressure gradient across tricuspid valve; FTR, functional tricuspid regurgitation; A-P,
medial grasping between anterior and posterior leaflet; A-S, medial grasping between anterior and septal leaflet; P-S, medial grasping between posterior and septal

leaflet.
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Figure 3. Usability (upper row: A,B) and grasping quality (lower row: C,D) assessment for DMR (left column) and FTR (right column) treatment with XTR Clip.

the implantation procedures in MV and TV are available as
supplemental materials.

In the majority of DMR cases (12 out of 14) and in all 18
FTR treatments (six samples in three grasping positions) the
first grasp resulted in successful capture of MV/TV leaflets,
constituting procedural success (Figure 3A and B).

Grasping quality

Upon successful leaflet grasping, full and symmetrical tissue
insertion was achieved in 10 out of 14 DMR cases and 17 out
of 18 of FTR treatments (Figure 3C and D, respectively).
Overall average leaflet insertion percentage during DMR and
FTR treatments was 93% and 99%, respectively. The lowest

obtained insertion covered 67% and 83% of leaflet tissue in
the DMR and FTR cases, respectively.

Discussion

The transcatheter edge-to-edge treatment with a long-arm clip
was recently approved for clinical use. Until now only one
case was reported and suggested the feasibility and improved
ease of grasping with the XTR Clip.”’ As extensive clinical
data on this clip design are not yet available, this ex-vivo study
provides quantitative insights on the XTR clip performance at
a very early phase of its clinical application.

Specifically, in this study DMR and FTR ex-vivo models
were used to quantify acute hemodynamic changes following
the treatment with the XTR Clip and to assess the clip



6 M. JAWOREK ET AL.: LONG-ARM CLIP FOR EDGE-TO-EDGE TREATMENT

usability and grasping quality. The comparison of the patho-
logical and post-treatment conditions revealed that the treat-
ment significantly reduced the regurgitation and did not cause
any significant increase in mean pressure gradient across
either MV or TV. The XTR Clip was applied with a similar
user perception and performance in a wide range of the
distances between the free leaflets’ edge in both degenerative
and functional etiologies of MV and TV, respectively.

Pathological models

The treatment was applied to ex-vivo pathological models
mimicking the most common forms of MV and TV
pathologies.”’ Creating these pathologies always resulted in sig-
nificant changes in hemodynamic outputs when compared to the
physiologic baseline. Under constant pumping setting (pump
stroke volume and heart rate), the measured changes in CO,/
CO,, from physiological to pathological and then post-treatment
conditions reflect purely the changes in MV and TV regurgitation.

The models were previously applied in other ex-vivo or in-
vivo valvular treatments studies'*™'®'*** and this form of
testing allowed for quantification of the changes induced by
the treatment in a repetitive and controllable manner.

Regurgitation reduction

The XTR Clip treatment in both DMR and FTR experimental
models resulted in significantly increased CO, and CO,,
respectively. It reflects the successful edge-to-edge treatment
with a decrease of regurgitation through both MV and TV.
The observed trends in DMR model were comparable with
acute changes observed clinically in DMR patients treated
with standard length clip.”” The comparison of severe and
moderate DMR treatment outcomes revealed that XTR Clip
therapy allowed reaching a similar success rate in both groups
and no statistically significant differences in post-treatment
hemodynamics were observed.

The treatment of FTR in the experimental model showed that
procedural success can be expected when grasping involved the
septal leaflet along with either the anterior or posterior leaflet,
while clipping in the A-P location did not significantly improve
hemodynamic conditions. This finding agrees with initial clin-
ical observations following transcatheter edge-to-edge FTR
treatment”**” and confirms the results of our previous ex-vivo
beating heart study'® where a commercially available device was
used to grasp TV leaflets. The same study yielded similar hemo-
dynamic outcomes to the present one (recovery of post-treat-
ment CO,, to the baseline level).

Pressure gradient assessment

The longer clip arms did not cause any statistically significant
increase of either mitral or tricuspid pressure gradients in the
bench model and post-treatment Ap,, and Ap, did not reach the
clinically defined threshold for valve stenosis.'' In fact, they were
at least 2 mmHg lower. Moreover, post-treatment pressure gra-
dient changes in the present study for the XTR Clip were
comparable to previous values measured for a commercially
available device tested in similar conditions for MV and TV
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treatments.'””° Present findings suggest that the long-arm clip

would not be associated with mitral and tricuspid stenosis.
Clinically infrequent post-treatment increase of Ap,, with
a higher occurrence after multiple clip placement was
reported'' and the preference between residual regurgitation or
elevated pressure gradient is debated.”” In our experiments one
clip per valve was implanted always under the same loading
conditions in similar anatomical scenarios. Therefore, the find-
ings need to be further confirmed clinically (with a wide range of
stroke volumes, the presence of annulus calcifications, baseline
annulus size, and leaflet thickness and mobility).

Atrial pressure monitoring

A decreasing trend in left atrial pressure was noted in this
experimental study after pathological MV grasping. The most
significant change was observed during ventricular systole
where, in clinical settings, the v-wave occurs. It agrees with
atrial pressure changes which are occasionally collected dur-
ing transcatheter edge-to-edge treatment.”>***’ This finding
indicates that intraprocedural LAP monitoring during trans-
catheter MV treatment can provide a valuable insight to the
treatment success and may assist with intraprocedural deci-
sion making, such as clip placement.

Usability and grasping quality

The increased clip arm length did not require any changes to
the standard positioning and grasping techniques per the
instruction for use and the majority of performed graspings
were successful at the first attempt in the experimental model.
Similarly, grasping quality featuring full and symmetric leaf-
lets insertion was achieved in most of the performed treat-
ments. According to an in-silico study this could favor a safer
outcome due to improved mechanical stresses distribution
among the leaflets.”® Nonetheless, usability of the XTR clip
should be confirmed in real clinical setting where intraproce-
dural echocardiographic imaging especially of TV is consid-
ered challenging.”

Increased contact surface area between the device and the
leaflets in long-arm clip procedure did not cause gross tearing
of the leaflets tissue in this study as assessed post-procedurally
once the heart was removed from the system (see Figure 4).
However long-term biomechanical interaction between the
device and the soft tissue warrants further study.

Addition to implant size - potential benefits

The introduction of longer clips could open new opportu-
nities to treat anatomically more challenging cases. This could
be particularly important in FTR treatment where severe
coaptation defects (>2 cm) are observed” and there is
a need for effective percutaneous FTR treatment devices.’"*”
Moreover, one can speculate that the long-arm clip could
ensure improved grasping quality thus reducing the number
of clips that needed to be implanted.
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Figure 4. Gross macroscopic tissue damage assessment: No damage of the chordae nor tearing of the leaflets was observed in any of the mitral (A) or tricuspid (b)

valve samples.

Limitations

The study carries intrinsic limitations of ex-vivo beating heart
model. This modeling setup allows for quantification of immedi-
ate post-treatment hemodynamic alterations only and the mid/
long-term results and device safety need to be further assessed
clinically. The tests were performed with a single clip in resting
loading conditions on porcine hearts which do not reproduce
less frequently occurring anatomical features (calcified annulus,
mixed aetiologies, leaflets degeneration). The results should be
cautiously translated for specific cases not tackled in this study.
Furthermore, the observed changes of left atrial pressure in our
model were related to a simple hydraulic phenomenon which
did not allow the direct evaluation of the v-wave value. The study
focus was on reproduction of the graspings conditions in loca-
tions assigned by the study protocol, hence clip positioning was
guided mainly by direct fiberscopic visualization with support of
echocardiography instead of echocardiography with fluoroscopy
support (as in the clinic).

Conclusions

In this study hemodynamics and usability features of DMR and
FTR transcatheter edge-to-edge treatment with a long-arm clip
design were evaluated in an ex-vivo beating heart model. It was
shown that (1) the treatment of a large range of modeled pathol-
ogies (moderate and severe DMR as well as FTR) was successful
as demonstrated by a gnificant increase of CO without proce-
dural difficulty; (2) the XTR Clip did not induce any significant
increase of pressure gradient either across MV or TV; (3) no
leaflet damage was caused by use of the XTR Clip as assessed by
post procedure necropsy; and (4) atrial pressure monitoring
could serve as an additional indicator of procedural success.
Further studies are needed to identify the group of patients
that can specifically benefit from the XTR Clip therapy.

Acknowledgments

The authors would like to thank Mr Paolo Romitelli (Abbott Vascular
International, Brussels, Belgium) and Ms Valeria Quattrocchi (Philips
SpA Healthcare, Monza, Italy) for their technical support.

Funding

This study was supported in part by Fondazione per la Ricerca in
Cardiochirurgia ONLUS, Milan, Italy and by the European Commission
within the Horizon 2020 framework through the MSCA-ITN-ETN
European Training Networks (project number 642458). Devices used in this
study were provided by Abbott Laboratories, Menlo Park, California, USA.

ORCID

Michal Jaworek
Guido Gelpi
Federico Lucherini
Monica Contino

http://orcid.org/0000-0002-1484-8913
http://orcid.org/0000-0002-2269-2111
http://orcid.org/0000-0003-4842-5000
http://orcid.org/0000-0002-2614-2168
Gianfranco B. Fiore (® http://orcid.org/0000-0002-8988-8311
Riccardo Vismara (& http://orcid.org/0000-0003-2646-1633
Carlo Antona (@ http://orcid.org/0000-0002-9003-0240

Disclosure statement

No potential conflict of interest was reported by the authors.

References

1. d’Arcy JL, Prendergast BD, Chambers JB, Ray SG, Bridgewater B.
Valvular heart disease: the next cardiac epidemic. Heart. 2011;97
(2):91-93. do0i:10.1136/hrt.2010.205096.

2. Enriquez-Sarano M, Akins CW, Vahanian A. Mitral regurgitation.
Lancet. 2009;373(9672):1382-1394. do0i:10.1016/S0140-6736(09)
60692-9.

3. Nkomo VT, Gardin JM, Skelton TN, Gottdiener JS, Scott CG,
Enriquez-Sarano M. Burden of valvular heart diseases: a


https://doi.org/10.1136/hrt.2010.205096
https://doi.org/10.1016/S0140-6736(09)60692-9
https://doi.org/10.1016/S0140-6736(09)60692-9

M.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

JAWOREK ET AL.: LONG-ARM CLIP FOR EDGE-TO-EDGE TREATMENT

population-based  study. Lancet. 2006;368(9540):1005-1011.

doi:10.1016/S0140-6736(06)69208-8.

. Nath ], Foster E, Heidenreich PA. Impact of tricuspid regurgita-

tion on long-term survival. J Am Coll Cardiol. 2004;43
(3):405-409. do0i:10.1016/j.jacc.2003.09.036.

. Sorajja P, Leon MB, Adams DH, Webb ]G, Farivar RS.

Transcatheter therapy for mitral regurgitation clinical challenges
and potential solutions. Circulation. 2017;136(4):404-417.
doi:10.1161/CIRCULATIONAHA.117.025264.

. Puls M, Lubos E, Boekstegers P, et al. One-year outcomes and

predictors of mortality after MitraClip therapy in contemporary
clinical practice: results from the German transcatheter mitral
valve interventions registry. Eur Heart ]. 2016;37(8):703-712.
doi:10.1093/eurheartj/ehv627.

. Hammerstingl C, Schueler R, Malasa M, Werner N, Nickenig G.

Transcatheter treatment of severe tricuspid regurgitation with the
MitraClip system. Eur Heart ]. 2016;37(10):849-853. doi:10.1093/
eurheartj/ehv710.

. Lurz P, Besler C, Noack T, et al. Transcatheter treatment of tricus-

pid regurgitation using edge-to-edge repair: procedural results,
clinical implications and predictors of success. Eurolntervention.
2018;14(3):€290-€297. doi:10.4244/EIJ-D-17-01091.

. Schaefer U, Frerker C, Kreidel F. Simultaneous double clipping

delivery guide strategy for treatment of severe coaptation failure
in functional mitral regurgitation. Heart Lung Circ. 2015;24
(1):98-102. doi:10.1016/j.hlc.2014.09.008.

Adamo M, Fiorina C, Curello S, et al. Difficult cases and compli-
cations from catheterization laboratory: MitraClip therapy in
a patient with lack of leaflet coaptation. In: Reimers B. et al, eds.
Percutaneous Interventions for Structural Heart Disease. Cham:
Springer International Publishing; 2017:169-176. doi:10.1007/
978-3-319-43757-6_12.

Neuss M, Schau T, Isotani A, Pilz M, Schépp M, Butter C. Elevated
mitral valve pressure gradient after mitraclip implantation deterio-
rates long-term outcome in patients with severe mitral regurgitation
and severe heart failure. JACC Cardiovasc Interv. 2017;10
(9):931-939. doi:10.1016/j.jcin.2016.12.280.

Leopaldi AM, Vismara R, Lemma M, et al. In vitro hemodynamics
and valve imaging in passive beating hearts. | Biomech. 2012;45
(7):1133-1139. doi:10.1016/j.jbiomech.2012.02.007.

Jaworek M, Piola M, Lucherini F, et al. Functional tricuspid
regurgitation model in a beating heart platform. ASAIO J.
2017;63(4):438-444. doi:10.1097/MAT.0000000000000510.
Rabbah JPM, Siefert AW, Spinner EM, Saikrishnan N,
Yoganathan AP. Peak mechanical loads induced in the
in vitro edge-to-edge repair of posterior leaflet flail. Ann
Thorac Surg. 2012;94(5):1446-1453. doi:10.1016/j.
athoracsur.2012.05.024.

Sitges M, Jones M, Shiota T, et al. Real-time three-dimensional
color doppler evaluation of the flow convergence zone for quan-
tification of mitral regurgitation: validation experimental animal
study and initial clinical experience. ] Am Soc Echocardiogr.
2003;16(1):38-45. doi:10.1067/mje.2003.37.

Gelpi G, Romagnoni C, Vismara R, et al. Intracardiac visualiza-
tion of transcatheter mitral valve repair in an in vitro passive
beating heart. Circulation. 2015;132(9):e131-e132. doi:10.1161/
CIRCULATIONAHA.115.017519.

Adams DH, Rosenhek R, Falk V. Degenerative mitral valve regur-
gitation: best practice revolution. Eur Heart J]. 2010;31
(16):1958-1966. doi:10.1093/eurheartj/ehq222.

Nishimura RA, Otto CM, Bonow RO, et al. 2014 AHA/ACC
guideline for the management of patients with valvular heart
disease: executive summary. Circulation. 2014;129(23). http://
circ.ahajournals.org/content/129/23/2440.long.

Vismara R, Gelpi G, Prabhu S, et al. Transcatheter edge-to-edge
treatment of functional tricuspid regurgitation in an ex vivo
pulsatile heart model. ] Am Coll Cardiol. 2016;68(10):1024-1033.
doi:10.1016/j.jacc.2016.06.022.

Jorbenadze R, Schreieck J, Barthel C, et al. Percutaneous edge-to-edge
mitral valve repair using the new MitraClip XTR system. JACC

STRUCTURAL HEART

Cardiovasc Interv.
jcin.2018.04.005.

21. Coffey S, Cairns BJ, Iung B. The modern epidemiology of heart
valve disease. Heart. 2016;102(1):75-85. doi:10.1136/heartjnl-
2014-307020.

22. Taramasso M, Emmert MY, Reser D, et al. Pre-clinical in vitro
and in vivo models for heart valve therapies. J Cardiovasc Transl
Res. 2015;8(5):319-327. do0i:10.1007/s12265-015-9631-7.

23. Schmidt T, Schliiter M, Thielsen T, et al. Acute hemodynamic
changes after mitraclip implantation comparing patients with
degenerative and functional mitral regurgitation. Struct Heart.
2017;1(3-4):188-194. doi:10.1080/24748706.2017.1358470.

24. Nickenig G, Kowalski M, Hausleiter ], et al. Transcatheter treat-
ment of severe tricuspid regurgitation with the edge-to-edge
MitraClip technique - clinical perspective. Circulation. 2017;135
(19):1802-1814. doi:10.1161/CIRCULATIONAHA.116.024848.

25. Orban M, Besler C, Braun D, et al. Six-month outcome after trans-
catheter edge-to-edge repair of severe tricuspid regurgitation in
patients with heart failure. Eur J Heart Fail. 2018;20(6):1055-1062.
doi:10.1002/ejhf.1147.

26. Sturla F, Vismara R, Jaworek M, et al. In vitro and in silico
approaches to quantify the effects of the MitraClip ® system on
mitral valve function. J Biomech. 2017;50:83-92. doi:10.1016/].
jbiomech.2016.11.013.

27. Cheng R, Dawkins S, Tat E, et al. Relation of residual mitral
regurgitation despite elevated mitral gradients to risk of heart
failure hospitalization after mitraclip repair. Am ] Cardiol.
2017;120(9):1595-1600. doi:10.1016/j.amjcard.2017.07.027.

28. Maor E, Raphael CE, Panaich SS, et al. Acute changes in left atrial
pressure after MitraClip are associated with improvement in
6-minute walk distance. Circ Cardiovasc Interv. 2017;10(4):
€004856. doi:10.1161/CIRCINTERVENTIONS.116.004856.

29. Gaemperli O, Moccetti M, Surder D, et al. Acute haemodynamic
changes after percutaneous mitral valve repair: relation to
mid-term outcomes. Heart. 2012;98(2):126-132. do0i:10.1136/
heartjnl-2011-300705.

30. Prihadi EA, Delgado V, Hahn RT, Leipsic J, Min JK, Bax JJ.
Imaging needs in novel transcatheter tricuspid valve
interventions. JACC Cardiovasc Imaging. 2018;11(5):736-754.
doi:10.1016/j.jcmg.2017.10.029.

31. Jabbour RJ, Giannini F, Tanaka A, et al. Advances in percuta-
neous interventional therapies: the tricuspid valve. Future Cardiol.
2017;13(3):239-245. d0i:10.2217/fca-2016-0072.

32. Weir WB, Romano MA, Bolling SF. Current surgical treatment
and outcomes for functional tricuspid regurgitation. Struct Heart.
2018;2(2):96-101. doi:10.1080/24748706.2017.1415492.

2018;11(12):e93-€95. doi:10.1016/j.

Appendix

Mitral regurgitation fraction (MFR) estimation was based on aortic flow
measurement considering volume conservation principles in diastole and
systole (Equations 1 and 2).

Systole Diastole

A |
f ) \
Baseline : AFg + MBg + ¢Vgs = MFp + ABg + CVB4,D (1)
DMR : AFpyr + MBpur + ¢Vpmrs = MFpur + ABpyr + ¢Vpmr p

)

Where:

AFx - aortic forward volume in condition X

ABy - aortic backflow volume in condition X

MFx — mitral forward volume in condition X

MByx — mitral backflow volume in condition X

cVxy - accumulated intraventricular volume related to the ventricular
compliance in condition X and phase Y

X = B/DMR - baseline/degenerative mitral regurgitation

Y = §/D - systole/diastole
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The following assumptions were made:

MBg was negligible once the proper valve coaptation was con-
firmed via direct visualization: MBg = 0

The accumulated intraventricular volumes at baseline and DMR
conditions during systole and diastole were assumed equal, the
possible influence of pressure changes when going from baseline
to DMR was neglected: cVgs = cVpmrs, cVsp = Vomrp

Mitral forward volume in both conditions was assumed equal as
the DMR pathological model introduced no changes to the diasto-
lic phase: MFg = MFpyr
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Combining Equations 1 and 2 using above-mentioned assumptions,
MBpyr, MFpyr and MRF were derived as shown in Equations 3-5.

MBpyr = AFg — AFpyr — ABg + ABpur (3)
MFpyr = AFpyr + MBpyr — ABpyr = AFp — ABp (4)
MB AFp — AF, — AB AB
MRF — DMR 1009 — 258 DMR s + ABpmr (5)
MFppr AFp — ABg
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