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Abstract
Transcatheter aortic valve replacement (TAVR) for se-
vere symptomatic aortic stenosis is the standard of 
care in inoperable patients and an alternative to sur-
gical aortic valve replacement in high-risk operable 
patients. Several issues affecting outcomes with im-
plantation of the first-generation TAVR devices remain 
unresolved, including neurological and vascular com-
plications, atrioventicular conduction abnormalities, 
and paravalvular aortic regurgitation. New-generation 
TAVR devices are currently in different stages of clinical 
development and evaluation. Modifications in the new 
devices include the ability to reposition the valve be-
fore final deployment, features to reduce paravalvular 
leakage, lower-profile delivery systems, and cerebral 
protection devices. The purpose of this manuscript is 
to give an update on the new-generation transcathe-
ter valvular technologies, focusing on the unique fea-
tures and describing the initial clinical experience for 
each device.
Copyright © 2015 Science International Corp.

Key Words:

New devices • Transcatheter aortic valve replacement 
• Transcatheter aortic valve implantation • TAVR • 
Transcatheter aortic valve implantation (TAVI)

Introduction

Transcatheter aortic valve replacement (TAVR) has 
emerged as a treatment option for inoperable or 
high-risk surgical patients with severe aortic stenosis 
(AS) [1, 2]. Since the first-in-human TAVR procedure 

performed by Professor Alan Cribier in 2002 [3], more 
than 100,000 TAVR procedures have been performed 
worldwide. Considerable experience has been ac-
quired with the two first-generation TAVR devices: 
the balloon-expandable Edwards SAPIEN/SAPIEN XT 
(Edwards Lifesciences, Irvine, CA, USA) and the self- 
expandable Medtronic CoreValve (Medtronic, Min-
neapolis, MN, USA). Randomized clinical trials com-
paring this technology in high risk patients against 
surgery or medical therapy, as well as multicenter 
national registries have shown high success rate and 
increasingly predictable results [2, 4–7].

Clinical outcomes of TAVR have improved over 
the years, mainly as a result of appropriate patient 
selection, growing operator experience, and major 
technical refinements. Nonetheless, the rate of com-
plications related to TAVR remains substantial. A re-
cent meta-analysis found the risk of periprocedural 
stroke following TAVR to be 1.5% and a 30-day stroke/
transient ischemic attack (TIA) rate of 3.3%. Paraval-
vular aortic regurgitation (PV-AR) after TAVR, includ-
ing small or trace leaks is quite common (incidence 
50–85%), with the vast majority of cases graded as 
mild or less [8, 9]. Increasing severity of PV-AR follow-
ing TAVR have been directly associated with increased 
mortality [2, 7, 9, 10]. Other  issues affecting short and 
long term outcome following TAVR include hemor-
rhagic and vascular complications, atrioventricular 
conduction abnormalities, valve malpositioning and 
coronary obstruction [11]. To overcome these obsta-
cles, and in order to enable the utilization of TAVR for 
lower risk populations, new-generation TAVR devices 
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to the earlier SAPIEN XT device. However, the S3 in-
corporates an additional outer polyethylene tere-
phthalate cuff to enhance paravalvular sealing thus 
reducing PV-AR. This sealing cuff has no filling and 

are currently in early stages of clinical evaluation. 
Modifications in these new devices include the abil-
ity to reposition and recapture the valve before final 
deployment, features intended to minimize PV-AR, 
and the introduction of low- profile delivery systems. 
The present manuscript provides an update on the 
new-generation transcatheter valvular technologies, 
focusing on the unique features and describing the 
initial clinical experience for each device.

Edwards Lifesciences SAPIEN 3  
The SAPIEN 3 (S3) valve (Edwards Lifesciences, 

Irvine, CA, USA) is a new balloon-expandable valve 
that can be implanted using the transfemoral, trans-
subclavian, transapical, or transaortic approaches. It 
incorporates features intended to reduce vascular 
complications, increase paravalvular sealing, and 
enhance ease of positioning [12]. This device is com-
posed of a radiopaque, cobalt chromium frame and 
a trileaflet bovine pericardial tissue valve (Figures 1, 2 
and Movie 1). It incorporates a stent and leaflet de-
sign that allows for crimping to a reduced profile as 
compared with the predicate SAPIEN and SAPIEN 
XT devices. The inflow of the S3 valve is covered by 
an internal polyethylene terephthalate skirt similar 

Figure 1: The SAPIEN 3 (S3) valve. A balloon-expandable valve 
composed of a radiopaque, cobalt chromium frame and a tri-
leaflet bovine pericardial tissue valve. The inflow of the S3 valve 
is covered by an internal polyethylene terephthalate skirt and 
an additional outer polyethylene terephthalate cuff to enhance 
paravalvular sealing. Figure 2: Angiography of SAPIEN 3 valve implantation.

Video 1: Angiography of SAPIEN 3 valve deployment.
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functions like a parachute by bulging outward [13]. 
The Edwards Commander transfemoral delivery sys-
tem (Edwards Lifesciences, Irvine, CA, USA) has low-
er profile and higher flexibility compared to the cur-
rently used NovaFlex system (Edwards Lifesciences, 
Irvine, CA, USA). It contains a fine adjustment wheel 
that permits a precise positioning of the crimped 
valve in the aortic annulus without unnecessary 
pushing or pulling. A central radiopaque marker in 
the balloon also assists in valve positioning. The sys-
tem uses a 14-F expandable eSheath (Edwards Life-
sciences, Irvine, CA, USA), that intend to reduce the 
potential for arterial injury during introduction but 
can transiently expand to accommodate passage of 
the compressed valve and then return to its lower 
profile diameter. 

Recently, the 30-day outcomes of 150 patients that 
underwent S3 valve implantation in Europe and Can-
ada were published [14]. A transfemoral approach 
was chosen in 64.0% and transapical/direct aortic in 
the remainder. At 30 days, PV-AR was none to mild 
in 96.4% and moderate in 3.5%. No patient had se-
vere regurgitation. Transfemoral implantation was 
associated with low 30-day mortality (2.1%) and no 
disabling stroke. Alternative access was associated 
with higher rates of 30-day mortality (11.6%) and 
stroke (5.6%). This device is available in 20-, 23-, 26-, 
and 29-mm sizes and is expected to facilitate fully 
percutaneous implantation in a broader range of pa-
tients with the potential for more accurate position-
ing and less PV-AR. The initial 30-day outcomes of the 
PARTNER II S3 Trial (n=1,659) have demonstrated 30-
day mortality rate of 2.2% for the overall high-risk co-
hort and 1.1% for the intermediate-risk cohort. Mod-
erate or higher PV-AR at 30-days was present in 2.9% 
of the high-risk patients and 4.2% of the intermedi-
ate-risk patients [15]. Since June 2015, Sapien 3 has 
a U.S. Food and Drug Administration (FDA) approval.

Currently ongoing trials with SAPIEN 3 valve are 
the PARTNER II trial (Placement of aortic transcatheter 
valves; ClinicalTrials.gov Identifier: NCT01314313) and 
the safety and performance study of the Edwards SA-
PIEN 3 transcatheter heart valve trial (NCT01808287).

Medtronic CoreValve Evolute / Evolute R
The Evolute (Medtronic, Minneapolis, MN, USA) 

23mm valve was the first next-generation CoreValve 

device (Figure 3). It is indicated for small (18–20 mm) 
aortic annuli and designed to be fully repositionable, 
resheathable and recapturable [16]. It has a Confor-
mité Européenne (CE) mark for valve-in-valve implan-
tations since 2013 and was previously described for 
this indication in case reports [17, 18].

The newly designed CoreValve Evolute R 
(Medtronic, Minneapolis, MN, USA) is a low-profile 
system  that retains many of the characteristics of 
its predecessors: radiopaque self-expanding niti-
nol support frame, supra-annular trileaflet porcine 
pericardial leaflets, and  porcine pericardium fabric 
skirt [19]. The cell geometry and frame of this valve 
have been redesigned to optimize frame interaction 
with the native anatomy, to improve conformability 
to the aortic annulus and reduce PV-AR. The inflow 
has more consistent radial force across the sizing 
spectrum, and the outflow has been shortened and 
reshaped to provide improved alignment between 
valve housing and the native sinus. The valve leaflets 
are routinely treated with alpha-amino oleic acid to 
impede calcium deposition. The new EnVeo R deliv-

Figure 3: The Evolute valve. A self-expandable valve composed 
of radiopaque nitinol support frame, supra-annular trileaflet por-
cine pericardial leaflets, and porcine pericardium fabric skirt. The 
arrow corresponds to the nadir of the pericardial leaflets.
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plant and a catheter-based delivery system for intro-
duction and delivery of the valve implant [21].  The 
bioprosthetic aortic valve implant comprises three 
bovine pericardial leaflets supported on a braided 
nitinol frame (Figure 4). An outer adaptive seal is 
designed to minimize PV-AR. Currently, the valve is 
available in 23- and 27-mm sizes; an additional valve 
size of 25 mm is anticipated. The transfemoral deliv-
ery system is 18 Fr compatible. The delivery handle in-
corporates a simple, ergonomic design that enables 
a controlled, predictable, and accurate deployment. 
If the initial deployment is suboptimal, the device can 
be subtly advanced or retracted as needed or even 
completely retracted into the delivery sheath at any 
time prior to the final release. The valve functions ear-
ly in deployment, providing hemodynamic stability 
for the patient and enabling the operator to com-
plete the delivery process in a controlled and consid-
ered fashion.

The multicenter REPRISE II study has been recent-
ly published [22]. It examined transfemoral implan-
tation of 23- or 27-mm Lotus valve in 120 patients 
with severe AS. The valve was successfully implanted 
in all patients, with no cases of valve embolization 
or additional valve implantation. All repositioning  
(n= 26) and retrieval (n=6) attempts were successful; 
34 patients (28.6%) received a permanent pacemaker. 
The Mean gradient improved from 46.4± 15 mm Hg 
to 11.5±5.2 mm Hg. At 30 days, the mortality rate was 
4.2%, and the rate of disabling stroke was 1.7%; one 
patient had moderate PV-AR, whereas none had se-
vere PV-AR. CE mark approval for Lotus valve system 
was obtained in 2013.

Four clinical trials evaluating efficacy and safety of 
Lotus valve implantation are currently ongoing (Clin-
icalTrials.gov Identifier: NCT02202434, NCT02031302, 
NCT01627691, NCT01383720).

Direct Flow Medical Valve
The Direct Flow Medical aortic valve (Direct 

Flow Medical, Santa Rosa, CA, USA) is a nonmetal-
lic percutaneous valve with an inflatable ring cuff 
frame designed to encircle and capture the native 
valve annulus, thereby ensuring anchoring of the 
bioprosthesis and minimizing potential PV-AR, dis-
lodgement or migration [23] (Figure 5). The tricuspid 
bovine pericardial valve is attached to a polyester 

ery catheter (Medtronic, Minneapolis, MN, USA) fea-
tures a complete redesign of the AccuTrak system 
(Medtronic, Minneapolis, MN, USA) that is currently 
employed for CoreValve implantation. The EnVeo R 
catheter with InLine sheath (Medtronic, Minneapo-
lis, MN, USA) is a 14 Fr-equivalent system that can 
deliver the transcatheter heart valve without the 
requirement for a separate introducer sheath. The 
modified valve capsule allows the valve to be fully 
recaptured and repositioned during deployment. 
The valve is available in 23, 26 and 29 mm sizes. A 
report of the initial results of implantation of this de-
vice in 60 patients revealed no case of mortality at 
30-days and 3.4% of moderate or higher PV-AR [20]. 
As of June 2015 Evolut R has a U.S. FDA approval.

Currently ongoing trials with Evolute R valve are 
the Medtronic CoreValve Evolute R CE mark clinical 
study (ClinicalTrials.gov Identifier: NCT01876420) and 
the Medtronic CoreValve Evolute R U.S. clinical study 
(NCT02207569).

Boston Scientific Lotus
The Lotus Valve System (Boston Scientific, Natick, 

MA, USA) comprises a bioprosthetic aortic valve im-

Figure 4: The Lotus Valve System . The bioprosthetic aortic valve 
implant comprises three bovine pericardial leaflets supported 
on a braided nitinol frame, and an outer adaptive seal designed 
to minimize PV-AR.
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Linx anticalcification technology and a porcine peri-
cardial sealing cuff [25, 26] (Figures 6 and 7). The out-
flow portion of the stent frame incorporates three 
retention tabs, which secure the crimped valve to 
the delivery system [26]. The transfemoral delivery 
catheter consists of a soft tapered nose cone, an 18 
Fr capsule that contains the compressed valve, and a 
12Fr shaft. The system is designed to deliver the valve 
gradually, deploying it to the point of functionality 
while allowing for controlled recapture, followed by 

fabric cuff which conforms to the native aortic an-
nulus. An upper (aortic) and lower (ventricular) ring 
balloon interconnected by a tubular bridging sys-
tem can be inflated independently through two of 
the three position-fill lumens. The valve is available 
in 25- and 27-mm sizes. It is designed to be fully re-
positionable and retrievable prior to final deploy-
ment through the introducer. The 18 Fr delivery 
system contains three position-fill lumens which 
are attached to the bioprosthesis. Two of these 
position-fill lumens are used to inflate and deflate 
the ring balloons and all three are used to position 
the bioprosthesis.

The results of a prospective multicenter evaluation 
of the direct flow medical transcatheter aortic valve 
have been recently published [24]. One-hundred 
patients with severe AS underwent transfemoral im-
plantations. Device success was 93%, all-cause mor-
tality at 30 days was 1%, and major stroke rate was 
4%. The post-implantation echocardiography results 
demonstrated mild or no aortic regurgitation (AR) in 
99% with a mean gradient of 12.6±7.1 mm Hg and 
effective orifice area of 1.50±0.56 cm2. The direct flow 
medical valve has received a CE mark at 2013.

Three clinical trials evaluating efficacy and safety 
of Direct Flow Medical aortic valve implantation are 
currently ongoing (NCT01845285, NCT02163850, 
and NCT01932099).

St. Jude Medical Portico
The trileaflet self-expanding Portico valve (St. Jude 

Medical, Minneapolis, MN, USA) consists of a nitinol 
frame, bovine pericardial leaflets processed with the 

Figure 6: The Portico valve. A self-expandable valve composed 
of a nitinol frame, bovine pericardial trileaflets processed with 
the Linx anti-calcification technology and a porcine pericardial 
sealing cuff.

Figure 5: The Direct Flow Medical aortic valve. A tricuspid bovine 
pericardial valve is attached to a polyester fabric cuff which con-
forms to the native aortic annulus.
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Five clinical trials evaluating efficacy and safety 
of Portico valve implantation are currently ongo-
ing (ClinicalTrials.gov Identifier: NCT02000115, 
NCT01802788, NCT01742598, NCT01493284, and 
NCT02088021).

either by repositioning and redeployment or by re-
moval. Portico transaortic and subclavian delivery 
systems will also be available with designs similar 
to the transfemoral system. The 24 Fr delivery sys-
tem used for transapical approach is composed of 
a tapered nose cone, a capsule containing the com-
pressed valve and similarly allows repositioning of 
the valve if needed [27]. The Portico valve is sized ac-
cording to the nominal external stent diameter at the 
valvular level. Currently, 23- and 25-mm devices are 
available for commercial use in Europe, and 27- and 
29-mm devices are being evaluated in clinical trials. 

First-in-human experience with Portico device 
included a 23-mm device implanted in 10 patients 
with severe AS via transfemoral approach [26]. At 
30-day follow-up, echocardiographic mean transaor-
tic gradient was reduced from 44.9±16.7 mm Hg to 
10.9±3.8 mm Hg (p < 0.001), and aortic valve area 
(AVA) increased from 0.6±0.1 cm2 to 1.3±0.2 cm2 (p < 
0.001). PV-AR was mild or less in 9 patients and mod-
erate in 1 patient. There were no major strokes, ma-
jor vascular complications, major bleeds, or deaths. 
No patient required pacemaker implantation. A case 
report of transapical Portico implantation has also 
been described [27].

Figure 7: Angiography of a Portico valve.

Figure 8: The CENTERA valve. A  self-expandable ultra-low-profile 
valve that consists of three bovine pericardial tissue leaflets at-
tached to a nitinol frame with a polyethylene terephthalate skirt 
intended to minimize PV-AR.

Figure 9: Angiography of a Centera valve.
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delivery system is compatible with a 14 Fr eSheath. 
The dynamic expansion mechanism of the eSh-
eath allows for transient sheath expansion during 
valve delivery. Immediately after the valve passes  
through the sheath, the sheath return to a low-
profile diameter thus reducing the time the access 
vessel is expanded, and minimizing the risk of 
vascular trauma.

The CENTERA valve was implanted in 15 patients 
with symptomatic severe AS via transfemoral (n=11) 
or transaxillary (n=4) approaches [29]. All 15 implan-
tations were successful. Post-procedurally, AVA in-
creased from 0.7±0.1 cm2 to 1.6±0.4 cm2 (p < 0.01) 
and mean trans-aortic gradient decreased from 
36.3±14.2mmHg to 10.6±5.4mmHg (p <0.001). PV-AR 
at 30-day follow-up was none or trivial in 23%, mild 
in 69% and moderate in 8% of the patients. Survival 
was 87% at 30 days and 80% at 1 year, and four pa-
tients (27%) received a new permanent pacemaker.

The safety and performance study of the Edwards 
CENTERA self-expanding transcatheter heart valve 
trial is currently ongoing (ClinicalTrials.gov Identifier: 
NCT01808274).

Edwards Lifesciences Centera
The self-expandable CENTERA valve (Edwards 

Lifesciences, Irvine, CA, USA) is an ultra-low-profile 
valve that consists of three treated bovine peri-
cardial tissue leaflets attached to a nitinol frame 
with a polyethylene terephthalate skirt intended 
to minimize PV-AR [28] (Figures 8 and 9). Current-
ly, the valve is available in 23- and 26-mm sizes; an 
additional valve size of 29 mm is anticipated. The 
stent frame does not have a flared distal section 
that extends into the ascending aorta and there-
fore is shorter than that of other self-expandable 
valves. This facilitates self-centering and seating of 
the valve within the annulus, and it may also help 
to improve paravalvular sealing with minimal pro-
trusion of the valve frame into the left ventricle. 
The delivery system consists of a delivery catheter 
and a detachable, battery-powered motorized han-
dle, which can be delivered by the transfemoral or 
subclavian approaches. The capability to re-sheath 
and reposition in situ prior to complete valve de-
ployment is an expected feature and may reduce 
the risk of valve malposition or embolization. The 

Figure 10: The Venus A valve. A self-expandable valve composed of a nitinol stent frame carrying a trileaflet bioprosthetic valve made 
of porcine pericardial leaflets.



Abramowitz, Y. et al.	             TAVR Devices

119	             Original Scientific Article

JenaValve
The self-expandable JenaValve (JenaValveTech-

nology GmbH, Munich, Germany) consists of a full 
porcine root valve mounted on a low-profile nitinol 
stent [31] (Figure 12). In contrast to devices expand-
ing within the aortic annulus, it relies on an active 
clip fixation of the native aortic valve leaflets, thereby 
eliminating great radial forces on cardiac and aortic 
structures. This allows for a short stent design that 
prevents coronary compromise by the native leaflets 
or stent struts, and that does not interfere with future 
coronary intervention. The unique clip fixation mech-
anism can provide secure anchoring to the native 
leaflets even in the absence of calcification and there-
fore may be utilized successfully for the treatment of 
non-calcified pure aortic regurgitation (AR) [32]. The 
feature of anatomically aligned positioning elimi-
nates the need for rapid pacing during implantation. 
The device is delivered via transapical approach us-
ing a sheathless 32 Fr delivery catheter that is utilized 
for three-step deployment procedure. The valve is 
available in three different sizes (23mm, 25mm, and 
27mm) for implantation in native aortic annuli rang-
ing from 21- to 27-mm in diameter.  A transfemoral 
JenaValve Plus is currently being developed with sim-

Venus A Valve
The Venus A Valve (Venus Medtech, Hangzou Inc., 

Shanghai, China) is a self-expanding nitinol stent 
frame carrying a trileaflet bioprosthetic valve made of 
porcine pericardial leaflets (Figures 10 and 11). The de-
livery system is 18Fr and can be delivered sheathless 
by the transfemoral and transaxillary/transsubcla-
vian approach and with a sheath for the transaortic 
approach [30]. The radial force of expansion for the 
inflow was increased early in the study, enabling a 
more consistent device expansion in the presence of 
extreme aortic valve calcification, which had been fre-
quently observed in the treated population. 

Moreover, midway in the first-in-man study, the in-
clusion criteria were extended to bicuspid aortic valve 
disease, given the frequency of cases encountered in 
China. Patients are treated under local anesthesia for 
the transfemoral and transaxillary approach and un-
der general anesthesia for the transaortic approach. 
The first in-man Venus A-Valve trial is currently ongo-
ing (ClinicalTrials.gov Identifier: NCT01683474). Re-
cently, the initial results of Venus A valve implantation 
in 101 patients have been presented [30]. At 30-days, 
all-cause mortality was 2% and moderate-severe PV-
AR rate was 6%.

Figure 11: Aortography with contrast injection of a patient with 
Venus A valve following TAVR.

Figure 12: The JenaValve. A self-expandable composed of a 
full porcine root valve mounted on a low-profile nitinol stent. 
A  unique clip fixation mechanism provides anchoring to the 
native leaflets.
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AS since 2011 and for treatment of patients with non-
calcified AR since 2013.

Currently ongoing trial with JenaValve is the JUPI-
TER registry (long-term safety and performance of the 
JenaValve; ClinicalTrials.gov Identifier: NCT01598844).

Symetis ACURATE TA / TF
The self-expanding ACURATE TA device (Syme-

tis SA, Ecublens, Switzerland) has been specifically 
developed for the transapical approach [35]. The 
nitinol stent frame was designed to facilitate a sim-
ple single-operator two-step implantation tech-
nique (Figures 13 and 14). Three arches are mounted 
at the distal edge of the stent body to stabilize the 
prosthesis during final deployment. The upper crown 
is formed by the most distal part of the stent body 
and is meant to embrace the native calcified leaflets. 
The stent commissures are well visible under fluoros-
copy with a circular radiopaque appearance which 
facilitates anatomical rotation of the prosthesis for 
commissural alignment. A biological tissue valve is 

ilar features and an 18 Fr delivery system that is com-
posed of three combined coaxial catheters [33].

A pivotal study for CE mark approval included 
transapical JenaValve implantations in 73 patients 
with severe AS [34]. Mean transaortic gradient was 
reduced post-procedurally from 40.6±15.9 mm Hg to 
10.0±7.2 mm Hg, (p < 0.001), and AVA increased from 
0.7±0.2 cm2 to 1.7±0.6 cm2 (p < 0.001) and there was 
no or minimal PV-AR in 86.4% of the patients. Proce-
dural success rate was 89.6%, perioperative stroke oc-
curred in two cases (3%) and pacemaker implantation 
was necessary in six patients (9.1%). Seiffert et al. have 
described a case series of five patients that underwent 
transapical implantation of a JenaValve for moderate 
to severe, non-calcified AR [32]. Implantation was 
successful in all cases without relevant remaining AR 
or AS. No major device- or procedure-related adverse 
events occurred and all patients were alive with im-
proved exercise tolerance at 3-month follow-up. Je-
naValve has a CE mark for treatment of patients with 

Figure 13: The ACURATE TA valve. A  self-expandable valve 
composed of a nitinol stent frame and a biological tissue valve 
mounted within the stent. A polyethylene terephthalate skirt is 
mounted at the intra-annular part of the stent body.

Figure 14: Angiography of an ACURATE TA valve.
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nol frame [39] (Figure 15). The stent assembly consists 
of a shaped main frame and a support frame, which 
are coupled together so as to form the commissur-
al posts of the valve. Two types of sewing materials 
are used: polyester and expanded polytetrafluoro-
ethylene. The valve design is intended to minimize 
PV-AR. The prosthesis is available in two sizes (23 mm 
and 26 mm) covering annulus diameters from 21 to 
27 mm [40]. To achieve an anatomically correct posi-
tion and to minimize the risk of coronary obstruction, 
the side arms fixed at the main frame of the prosthe-
sis are designed to be placed into the sinuses of the 
aortic root. The valve can be repositioned before final 
deployment. Implantation is performed transapically 
with an over-the-wire delivery system comprising an 
introducer and a flexible delivery catheter which form 
one integral unit. The delivery system is composed of 
a 29 Fr (inner diameter) introducer and a flexible de-
livery catheter with a 13 Fr shaft. Engager valve has a 
CE mark for treatment of patients with AS since 2013.

mounted within the nitinol stent. This valve has a sim-
ilar leaflet thickness to conventional surgical porcine 
tissue valves because the design does not require 
excessive “crimping” of the leaflets. To minimize PV-
AR, a polyethylene terephthalate skirt is mounted at 
the proximal (intra-annular) part of the stent body. 
The delivery system is based on a sheathless concept 
similar in size to a 28 Fr sheath system. Valve deploy-
ment is facilitated using a simple rotational knob 
suitable for a single-operator technique. Until final 
release the system allows for resheathing and reposi-
tioning. Three different sizes (labeled small, medium 
and large) are available allowing for treatment of pa-
tients presenting with an annulus diameter ranging 
from 20–27 mm. A transfemoral version of this device 
called ACURATE TF is very similar to the ACURATE 
TA device [36]. A 20 Fr delivery system has a flexi-
ble shaft facilitating easy tracking even in tortuous 
aortic anatomy. It allows a controlled three-step im-
plantation of the prosthesis. There is also a newer  
transfemoral version called ACURATE neo that has a 
15 Fr compatible delivery system.

The results of a first-in-human trial in 40 patients 
that underwent ACURATE TA implantation including 
6 month follow-up have been published [35, 37]. De-
vice success rate was 92.5%, mean transaortic gra-
dient was reduced from 51.9 ±14.3 mm Hg to 11.9 
± 5.8 mm Hg. Thirty-day mortality was 12.5% and 
major stroke rate was 5%. At 6 months, only 3.3% 
of patients had more than mild PV-AR. Similar out-
come have been published recently in a series of 
62 patients [38]. A first-in-human trial in 20 patients 
treated with the ACURATE TF device has also been 
published [36]. The effective orifice area improved 
from 0.7 cm2 to 1.8 cm2 and only one patient had a 
grade 2 PV-AR. Procedural success rate was 95% with 
one case of stroke, and two pacemaker implanta-
tions at 30 days. ACURATE TA device has a CE mark 
obtained at 2011 and ACURATE neo device has a CE 
mark obtained at 2014.

Medtronic Engager
The Engager Aortic Valve bioprosthesis (Medtronic, 

Minneapolis, MN, USA) is a biological valve prosthesis 
composed of three leaflets cut from tissue-fixated 
bovine pericardium, sewn to a polyester sleeve and 
mounted on a compressible and self-expanding niti-

Figure 15: The Engager Aortic valve bioprosthesis. A self-
expandable valve composed of three leaflets cut from tissue-
fixated bovine pericardium, sewn to a polyester sleeve and 
mounted on a nitinol frame.



Structural Heart Disease, August 2015	            Volume 1, Issue 3: 112-126

Original Scientific Article	             122

the native cusps. The currently available dock has a 
diameter of 25 mm, suitable for implantation with 
a 29 mm SAPIEN XT valve. It is intended that future 
devices will be compatible with a full range of bal-
loon-expandable valves. The Helio delivery catheter 
is advanced through the 16 Fr eSheath over the stiff 
wire. The dock is then expanded within the aortic 
root by retracting a covering sleeve and positioned 
deep within the sinuses but outside the aortic valve 
cusps. A NovaFlex (Edwards Lifesciences, Irvine, CA, 
USA) delivery catheter is then advanced through 
the contralateral femoral sheath and a SAPIEN XT 
valve positioned within the dock and within the 
native valve. The clinical data currently available on 
this device is limited. In the first-in-human feasibili-
ty trial, four patients were treated successfully with 
a combined transfemoral-transapical approach. All 
of them were alive at 30 days and had no residual 
AR [43]. A fully percutaneous bilateral transfemoral 
approach is currently being evaluated.

Cerebral Protection Devices 
 Cerebrovascular events are among the most se-

rious adverse events reported after TAVR and are as-
sociated with increased morbidity and mortality. The 
incidence of cerebrovascular events during the 30-

A feasibility study with the Engager system was 
conducted in 10 patients [39]. All 10 patients were 
implanted successfully. There were no device re-
lated complications. At 30 days, one patient died 
from multi-organ failure. The mean aortic gradient 
post-procedurally was 15.6± 4.9 mm Hg, and no more 
than a mild PV-AR was seen as assessed by echocar-
diography. The results of the first 61 patients enrolled 
in the European pivotal trial have showed all-cause 
mortality of 9.9% at 30 days, mean aortic valve gra-
dient of 11.5±5.0 mm Hg, and no PV-AR greater than 
mild [41].

Two clinical trials evaluating efficacy and safe-
ty of the Medtronic Engager valve implantation 
are currently ongoing (ClinicalTrials.gov Identifier: 
NCT01348438, NCT01789567)

The Helio Transcatheter Aortic Dock
The Helio transcatheter aortic dock (Edwards Life-

sciences, Irvine, CA, USA) is the first dedicated tran-
scatheter device for the treatment of pure AR [42]. It 
consists of a self-expandable nitinol stent encased in 
polyethylene terephthalate fabric. The dock is fixed 
inside the aortic root and it is intended to assist in 
annular fixation of a standard balloon-expandable 
SAPIEN XT valve by incorporating and entrapping 

Figure 16: The Embrella Embolic Deflector system.  The device 
consists of an oval-shaped nitinol frame covered with a porous 
polyurethane membrane that is positioned at the level of the 
aortic arch with the purpose of deflecting embolic debris gener-
ated during TAVR procedures.

Figure 17: Angiographic image after deployment of the Embrel-
la Embolic Deflector system at the level of the greater curvature 
of the aortic arch.
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in all patients with no complications. The use of the sys-
tem was associated with a lower cerebral lesion volume 
demonstrated with diffusion weighted magnetic res-
onance imaging (DW-MRI) compared with the control 
group (p=0.003).

TriGuard
The TriGuard Cerebral Protection Device (Keystone 

Heart Ltd, formerly SMT Research & Development, 
Caesarea, Israel) is introduced via the femoral artery. 
The concept is similar to that of the Embrella device 
with some notable differences. A 9 Fr sheath is usually 
used for delivery and retrieval and allows additional 
placement of a pigtail catheter for procedural guid-
ance. The device itself consists of a nitinol mesh and a 
nitinol frame with two stabilizers that anchor the de-
vice in the brachiocephalic trunk and at the inner cur-
vature of the aortic arch [46] (Figure 18). Initial clinical 
experience in 15 patients demonstrated successful 
placement of the embolic protection device in all of 
them without procedural complications [47]. No pa-
tient developed new neurological symptoms except 
one patient who suffered from  TIA two days after the 
procedure. DW-MRI showed 3.2 new cerebral lesions 
per patient, compared to 7.2 new lesions per patient 
in a historical control group without the device. The 

day period after TAVR ranges from 3% to 7%, with the 
majority of patients experiencing ‘major’ strokes [11]. 
The observation that most cerebrovascular events 
occur within the first days after device implantation, 
implies that the stroke has a thromboembolic origin 
[44]. In order to minimize the risk of thromboembolic 
cerebrovascular accidents during TAVR, cerebral pro-
tection devices are currently being developed.

Embrella Embolic Deflector
The Embrella Embolic Deflector system (Edwards 

Lifesciences, Irvine, Ca, USA) consists of an oval-shaped 
nitinol frame covered with a porous polyurethane 
membrane that is positioned at the level of the aortic 
arch with the purpose of deflecting embolic debris 
generated during TAVR procedures [45] (Figures 16 and 
17). The device is inserted via the right radial or brachi-
al approach using a 6 Fr delivery system. The frame of 
the device has two opposing petals that are positioned 
along the greater curvature of the aorta, covering the 
ostia of both the brachiocephalic and the left common 
carotid arteries. In a pilot study recently published, the 
Embrella Embolic Deflector system was used in 41 pa-
tients during TAVR, compared to 11 patients that under-
went TAVR without embolic protection [45]. The system 
was successfully deployed at the level of the aortic arch 

Figure 18: The TriGuard Cerebral Protection Device. The device 
consists of a nitinol mesh and a nitinol frame with two stabilizers 
that anchor the device in the brachiocephalic trunk and at the 
inner curvature of the aortic arch.

Figure 19: The Montage Dual Filter system. The conically shaped 
filters consist of a nitinol frame and polyurethane laser-drilled 
filter membrane with 140 μm-diameter pores. The filters are ad-
vanced to the brachiocephalic trunk and the left common carot-
id arteries before valve deployment.
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chiocephalic trunk, the catheter is advanced further 
in the aortic arch under fluoroscopic guidance and 
the tip of the delivery system is curved towards the 
left common carotid artery for placement of the sec-
ond filter. The safe use of the system has been demon-
strated in first-in-human study, which included 40 
patients [49]. Technical success rate with delivery of 
the proximal and distal filter was 60% for the first gen-
eration device and 87% for the second-generation 
device. Captured debris was documented in at least 
19 of 35 implanted devices (54.3%). No procedural 
TIAs or strokes have occurred. Recently, the results of 
the CLEAN-TAVI trial were presented [50]. It is a pro-
spective, double-blinded, randomized-controlled 
trial that included 100 patients. Cerebral protection 
device success was 96% (48/50). The number and 
volume of cerebral lesions as determined by DW-MRI 
subtraction was significantly reduced in the cerebral 
protection group. Two days post TAVR, neurological 
deficit was observed in 28% of patients in the control 
group compared to 13% of patients in the cerebral 
protection group (p=0.08).

Conclusions

TAVR has emerged as an established technique for 
the treatment of patients with symptomatic severe AS. 
Cumulative evidence has proven the short- and mid-
term efficacy of this procedure, while improvements 
in implantation techniques and advances in TAVR 
technology have created high expectations for the fu-
ture. The main challenges derived from the clinical ex-
perience with the first-generation TAVR devices were 
to reduce neurological and vascular complications 
and to minimize rates of PV-AR. The new-generation 
TAVR devices are currently in early clinical evaluation 
and have been specifically developed and designed to 
overcome these challenges. The features of these de-
vices should allow the delivery catheter profile to be 
reduced, facilitate accurate positioning, repositioning 
and retrieval if needed, and reduce the incidence of 
significant PV-AR. New cerebral protection devices are 
expected to reduce clinical and sub-clinical embolic 
events. Although preliminary data with these new 
devices seem very promising, the clinical experience 
is still limited and more long-term data are required. 

Figure 20: Angiographic image of the Montage Dual Filter Sys-
tem. The filters are located in the brachiocephalic trunk and the 
left common carotid arteries.

recently published DEFLECT III trial included 46 pa-
tients treated with TriGuard vs. 39 control patients 
[48]. TriGuard use was associated with greater free-
dom from new ischemic brain lesions (26.9 vs. 11.5%), 
fewer new neurologic deficits detected by the Na-
tional Institutes of Health Stroke Scale (3.1 vs. 15.4%) 
and better performance on a delayed memory task 
(p=0.028).

Claret CE Pro / Montage Dual Filter System
The Montage Dual Filter System (Claret Medical Inc., 

Santa Rosa, CA, USA) is designed to capture embolic 
debris travelling to the brain in the brachiocephalic 
trunk and the left common carotid arteries [46]. The 
catheter is delivered through a 6 Fr sheath via the radial 
or brachial artery. The conically shaped filters consist 
of a nitinol frame and polyurethane laser-drilled filter 
membrane with 140 μm-diameter pores (Figures 19  
and 20). The filter frames are radiopaque and once 
deployed seal against the vessel wall, allowing fil-
tered blood to pass to the brain while trapping  
debris. After positioning of the first filter in the bra-
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Nevertheless, continuous effort to develop, improve 
and clinically evaluate these devices and techniques 
will eventually enable safe alternative to aortic valve 
surgery for an increasing number of patients. 
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Abstract
The MitraClip procedure is a safe and effective ap-
proach to reduction of mitral regurgitation (MR) with 
proven durability and clinical improvement. Procedur-
al success is dependent on patient selection, under-
standing of mitral valve anatomy, particularly from an 
echocardiographic perspective, and attention to crit-
ical elements of the implantation such as trans septal 
puncture.
In the United States, the FDA has approved the Mi-
traClip device for treatment of high risk patients with 
primary MR. The question of long term, sustained re-
duction of MR and persistent clinical improvement re-
mains to be addressed with longer duration of follow 
up. Based on the impeccable safety profile of the pro-
cedure and demonstrated medium term clinical dura-
bility, future studies should be aimed at the evaluation 
of MitraClip for treatment of patients with severe MR 
deemed moderate, or indeed low risk, for surgery.
Copyright © 2015 Science International Corp.
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Anatomical Considerations
An understanding and appreciation of the com-

plex anatomy of the mitral valve (MV) apparatus is 
imperative to achieving procedural success with the 
MitraClip (Abbott Vascular, Santa Clara, California, 
USA) device. 

The MV apparatus comprises the mitral valve, the 
annulus, annular attachment at the atrio-ventricular 
junction, tendinous chords, and the papillary mus-
cles. The valve is made up of two leaflets, commonly 
referred to as the anterior and posterior leaflets (oc-
casionally referred to as the mural and aortic leaflets, 
respectively). The posterior leaflet is narrow compared 
to the anterior leaflet and extends two-thirds around 
the left atrio-ventricular junction within the inlet por-

An Overview of the Mitraclip Procedure
Indications, Procedural Characteristics, and Clinical Outcomes
Rahul P. Sharma, MD*, Moody Makar, MD, Saibal Kar, MD
Cedars Sinai Heart Institute, Los Angeles, California, USA

Figure 1: Mitral anatomy
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tion of the ventricle. The leaflet has two clefts that 
separate the leaflet into three scallops along the free 
edge of the leaflet. The generally accepted nomencla-
ture describes the most lateral scallop as P1, adjacent 
to the anterolateral commissure, the central scallop 
as P2, and the most medial as P3, which lies adjacent 
to the posteromedial commissure [1]. The semicircu-
lar anterior leaflet of the MV is broader than the an-
terior leaflet and comprises one-third of the annular 
circumference. The anterior leaflet shares a fibrous 
continuity with the left and non-coronary cusps of 
the aortic valve and between the aortic cusps abut-
ting the membranous septum. The anterior leaflet is 
also divided into three regions, namely A1, A2, and A3 
corresponding to the opposing scallops of the poste-
rior leaflet (Figure 1). Anatomically, the most suitable 
pathology for MitraClip is that involving the A2/P2 
leaflets. Commisural regurgitant jets pose a technical 
challenge, due to difficulty delivering the clip and 
grasping tissue at the ends of the free edge of each 
leaflet. Ensuring adequate insertion of both leaflets 
into the clip with grasp of sufficient tissue is essen-
tial to ensure division of the mitral orifice into small-
er orifices with subsequent reduction in MR. Indeed, 
the primary purpose of the MitraClip procedure is to 
perform a percutaneous edge-to-edge repair and ef-
fectively create a double mitral orifice, based on the 
original surgical approach to MR described by Alfieri 
and colleagues [2]. 

The mitral annulus gives a point of attachment for 
the mitral valve and separates the left atrium from 
the left ventricle. The anterior aspect of the annulus 
is fibrous and less prone to dilatation. The remaining 
posterior aspect of the annulus is muscular and there-
fore often subject to dilatation and calcification. The 
annulus is a dynamic, non-rigid, oval shaped structure 
that alters shape throughout the cardiac cycle. This is 
an important consideration during the grasping pro-
cess, which should be performed slowly to ensure 
capture of both leaflets. 

The chordae tendinae are fan-shaped chords aris-
ing from the papillary muscles (PM) and inserting 
into the mitral leaflets. The posteromedial PM gives 
chords to the medial aspect of both leaflets while the 
anterolateral PM chords attach to the lateral aspect 
of the leaflets. The anterolateral and posteromedi-
al PM arise from the mid to apical segments of the 
left ventricle at the anterolateral and posterior walls 
respectively. Awareness of the chordal structures is 
important when the clip passes below the valve, as 
entanglement may occur. This is of greater risk when 
more than one clip is used, as additional clips are 
passed through the mitral valve in a closed position 
and opened below the valve, in the left ventricle. 

Pathophysiology
Mitral regurgitation is the passage of blood from 

the left ventricle back into the left atrium during ven-

Figure 2: Primary MR vs FMR
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dilatation, resulting in failure of leaflet coaptation or 
inadequate apposition. 

Clinical Outcomes and Procedural Indications
The clinical course of MR is usually slow and pro-

gressive, except for the rare circumstance of acute 
MR due to papillary muscle rupture in the setting of 
an acute myocardial infarction. The insidious nature 
of the disease is a result of the ability of the heart to 
compensate for increasing regurgitant volume, initially 
through enlargement of the left atrium. As the regur-
gitation becomes severe, the left ventricle is subject to 
overload, dilatation, dysfunction, and eventual failure. 
The presence of left ventricular dilatation and systol-
ic dysfunction, particularly in the context of symp-
tomatic functional impairment, heralds a very poor 
prognosis if left untreated. Annual mortality rates with 
medical treatment in patients aged 50 years or older 
are approximately 3% for moderate regurgitation and 
approximately 6% for severe regurgitation [3, 4]. Until 
recently, surgical valve repair or replacement was the 
only treatment proven to improve symptoms and pre-
vent heart failure. Valve repair improves outcome com-
pared with valve replacement and reduces mortality 
of patient with severe organic mitral regurgitation by 
about 70%. As expected, the best results are obtained 
in asymptomatic patients operated on in advanced 
repair centers with low operative mortality (<1%) and 
high repair rates (>80%) [5]. These results highlight the 
importance of early detection, assessment and man-
agement of mitral regurgitation. 

Current AHA/ACC and ESC guidelines recommend 
surgical intervention, preferably repair, in symptom-
atic patients with chronic severe primary MR and in 
asymptomatic patients with chronic severe primary 
MR with evidence of systolic dysfunction or left ven-
tricular dilatation [6, 7].

For patients with secondary MR, surgical interven-
tion carries a higher rate of operative mortality com-
pared to that for primary MR, largely due to the severe 
comorbidities of these patients. As such, the AHA and 
ESC guidelines suggest surgery for patients with se-
vere secondary MR and preserved systolic function 
only when undergoing CABG or AVR [6, 7]. 

While surgery remains the gold standard of treat-
ment, there are patients who are either at prohibi-

tricular systole, occurring as a result of failure of the 
mitral leaflets to undergo complete coaptation (fail-
ure of leaflet tips to meet) or apposition (failure of the 
leaflets to overlap sufficiently). A simple classification 
system divides the etiology of mitral valve disease 
into either primary or functional (secondary) (Figure 
2). Classification of MR has relevant implications for 
therapeutic intervention. In primary MR, the standard 
treatment is repair or replacement of the affected 
valve. In functional MR, therapy involves manage-
ment of the underlying left ventricular dysfunction. 
For select patients in whom medical therapy is opti-
mized, there may be a role for surgical correction.

The most common cause of primary MR is degen-
erative disease involving morphological changes to 
the valve due to thickening and stretching of leaflet 
tissue. The severity of these changes can range from 
involvement of a single scallop to both leaflets in their 
entirety. Fibroelastic deficiency describes a prolapsing 
segment, which is often normal in appearance. The pro-
lapse is due to focal chordal elongation with or with-
out rupture. Barlow’s disease refers to myxomatous 
changes to both leaflets, more commonly affecting 
the posterior leaflet, associated with chordal thinning 
and elongation. Accordingly, segments of both leaflets 
prolapse into the left atrium. A more severe manifesta-
tion is a flail leaflet, characterized by complete eversion 
of the leaflet edge into the left atrium. A flail may be 
present in the event of primary chordal rupture and is 
often associated with severe mitral regurgitation. Oth-
er less common causes of primary mitral valve disease 
include infective endocarditis, congenital mitral cleft, 
and rheumatic mitral disease. The latter results in mi-
tral stenosis with characteristic commissural fusion, 
with thickening and rigidity of the leaflets, eventually 
leading to regurgitation. 

Functional MR occurs in the context of morpholog-
ically normal leaflets on a background of an under-
lying idiopathic cardiomyopathy or coronary artery 
disease. The regurgitation is due to geometric alter-
ations of the left ventricle, which may or may not be 
associated with dilatation. Regional or generalized 
wall motion abnormalities of the left ventricle can al-
ter the position of the papillary muscles during systo-
le, resulting in chordal tension and leaflet restriction. 
Ventricular dilatation causes subsequent annular 



Journal of Structural Heart Disease, August 2015	            Volume 1, Issue 3: 127-136

Original Scientific Article	             130

(3+) or severe (4+) MR with class I surgical indication. 
A total of 107 patients were enrolled (55 from EVER-
EST I and 52 in the prerandomization phase of EVER-
EST II), with a mean follow-up of almost 2 years. The 
EVEREST cohort established that the MitraClip proce-
dure is safe, with a low periprocedural complication 
rate. In carefully selected patients, it has acceptable 
efficacy achieving significant MR reduction in more 
than two-thirds of patients [13].

The landmark study was Everest II, a multicenter ran-
domized clinical trial designed to compare the efficacy 
and safety of percutaneous treatment with MitraClip 
vs. conventional repair surgery or MV replacement. 
Compared to surgery, at 1 year, MitraClip was less ef-
fective than surgical repair due to the increased prev-
alence of residual MR compared to surgery. However, 
the clip reduced severity of MR, improved symptoms, 
and led to reverse LV remodeling [16]. The improve-

tively high risk for, or do not benefit from, a surgical 
procedure, particularly those with functional MR. The 
MitraClip procedure is a novel, minimally invasive, 
transcatheter procedure that can be offered to such 
patients. To date, there have been a number of trials 
and registry studies examining the safety and efficacy 
of the MitraClip device when compared to standard 
medical therapy and to surgery. 

The results of the relevant clinical studies are 
summarized in Table 1 [8-15]. In all of these studies, 
procedural success was achieved in the majority of 
patients with reduction of MR from 4+ to less than 2+. 
Furthermore, these results were generally achieved 
with an excellent safety profile without any signifi-
cant rate of adverse procedural outcomes. 

The EVEREST cohort is a prospective multicenter 
registry that analyzed the feasibility, safety and effi-
cacy of MitraClip in patients with moderate-to-severe 

Study
No. of 
Patients

Etiology 
of MR Age STS Score EuroScore MR≤2+ %

30-d 
Mortality %

1-yr  
Mortality %

MR≥3+ 
at 1 yr

Need for 
Surgery

Franzen 
et al.

51 DMR 31%
FMR 69%

73±10 15±11 29±22 94 2 n/a n/a n/a

Tamburino 
et al.

31 DMR 42%
FMR 58%

71 
(62–79)

10±9 14±12 97 3.2 n/a n/a n/a

PERMIT-
CARE

51 FMR 70±9 14±14 30±19 82 4.2 18 n/a n/a

Rudolph 
et al.

104 DMR 34%
FMR 66%

74±9 n/a 36 (21–54) 94 3.8 25 18 6.7

TRAMI 470 DMR 33%
FMR 67%

75±5 11 (4–19) 23 (12–38) 94 2.5 n/a n/a n/a

EVEREST I 107 DMR 79% 
FMR 21%

71 
(26–88)

n/a n/a 74 0.9 4.1 n/a 29.9

EVEREST 
High risk 
registry

78 DMR 41%
FMR 59%

77±10 14±8 n/a 80 7.7 24.4 20 0

ACCESS-
EUROPE

567 DMR 23%
FMR 77%

74±10 n/a 23±18 79 3.4 17.3 21 6.3

EVEREST II 186 DMR 73%
FMR 27%

67±13 5±4 n/a 78 1 6 22 20

EVEREST II 
/REALISM 
High risk 
registry

351 DMR 30%
FMR 70%

76±11 11.3±7.7 n/a 86 4.8 22.8 14 0.3

COAPT 
(enrolling)

430 FMR - - - - - - - -

Table 1: Summary of MitraClip studies
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Furthermore, based on experience the EVEREST 
trials and from observational studies, ESC guidelines 
suggest that MitraClip is feasible at low procedural risk 
in patients with secondary MR in the absence of se-
vere tethering and may provide short-term improve-
ment in functional condition and LV function [7].

While the AHA/ACC guidelines acknowledge that 
MitraClip provides a less invasive alternative to sur-
gery, it is noted that the procedure is not yet ap-
proved for clinical use in the United States [6]. 

The COAPT trial is a currently enrolling, random-
ized, parallel-controlled, multicenter clinical eval-
uation of the MitraClip device for the treatment of 
clinically significant functional mitral regurgitation in 
symptomatic heart failure subjects who are treated 
per standard of care and who have been deemed in-
eligible for mitral valve surgery. Eligible subjects will 
be randomized in a 1:1 ratio to the MitraClip device 
or to no MitraClip device (control group). The primary 
outcome measures include the primary safety end-
point (composite of single leaflet device attachment, 
device embolizations, endocarditis requiring surgery, 
mitral stenosis requiring surgery, and any device re-
lated complications requiring non-elective cardiovas-
cular surgery) and the primary effectiveness (recur-
rent heart failure hospitalizations). The results of this 
study are eagerly anticipated to prove the efficacy of 
MitraClip in patients with functional MR.

ment in NYHA functional class at 1 year was sustained 
at 4 years. The 4-year results demonstrated no mortal-
ity difference between the two groups, a low rate of 
MV surgery in the percutaneous repair group beyond 
the first 6 months of therapy, and a low rate of adverse 
events from 1 to 4 years in both groups [17]. 

The EVEREST II high-risk registry (HRR) includ-
ed patients with moderate-severe or severe MR with 
an estimated surgical risk of 12% or greater (based on 
the Society of Thoracic Surgeons risk score or as esti-
mated by the surgical team). Enrolment of patients 
has continued as part of the REALISM registry which 
has two arms: 1 with high-risk patients and the other 
with non-high risk patients, The combined REALSIM 
and EVEREST II High Risk Registry demonstrated an 
impressive 30 day mortality of less than 5% with sig-
nificant improvement in symptom status, reduced 
rate of hospitalization and improved left ventricular 
remodeling at one year [15]. 

Based on the outcomes from Everest II the AHA/
ACC guidelines state that the MitraClip should only 
be considered for patients with chronic primary MR 
who remain severely symptomatic with NYHA class III 
to IV HF symptoms despite optimal heart failure ther-
apy and who are considered inoperable [6].

The ESC guidelines recommend that MitraClip may 
be considered in patients with symptomatic severe 
primary MR who fulfill the echo criteria of eligibility, 
are judged inoperable or at high surgical risk by a 
‘heart team,’ and have a life expectancy greater than 
1 year [7].

Figure 3: MitraClip device Figure 4: Clip
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The additional advantage of general anesthesia is 
comfort to the patient, particularly in the context of 
extended periods of TEE evaluation. 

One of the key advantages of the MitraClip proce-
dure is venous access. We recommend using a micro-
puncture needle to minimize vascular complications. 
The first venous access site is the jugular or femoral 
vein for right heart catheterization at the commence-
ment of the procedure and immediately following re-
lease of the clip. A second venous sheath is placed in 
the femoral vein for eventual passage of the MitraClip 
apparatus. A PerClose Proglide suture can be placed 
in a ‘pre-close’ fashion to achieve hemostasis at the 
end of the case. 

MitraClip Device
The complete device apparatus consists of a steer-

able Guide handle attached to the steerable sleeve 
and the Clip Delivery System (CDS), comprising the 
clip itself, the Delivery Catheter Handle (DCH), and 
the delivery catheter (Figure 3). The clip consists of a 
4-mm wide and 8-mm long chrome-cobalt clip with 
two articulated arms that open from 0° (closed posi-
tion) to 240° (open position), allowing grasping and 
drawing together of the anterior and posterior leaf-
lets. The inner parts of the arms are grippers, lined with 
small frictional elements that grasp the leaflets once 
the device has been closed. The outer part is covered 
in a polyester mesh to promote tissue growth and the 
formation of a fibrous tissue bridge between the leaf-
lets (Figure 4). The MitraClip device is delivered using 
a 24 Fr catheter guide with a mobile steerable tip to 
position the clip. The delivery system has two knobs 
that control the anterior-posterior and medial-lateral 
steering of the catheter tip. The DC handle comprises 
two levers to lock/unlock the clip and to lift/depress 
the gripper lines, a knob to facilitate the opening and 
closing of the clips and a screw to enable release of 
the clip from the shaft of the delivery catheter.

Procedure
The MitraClip procedure is performed under gen-

eral anesthesia, primarily to enable pauses in venti-
lation and thereby ensure precise clip positioning. 

Figure 5: Trans septal puncture Figure 6: Device Distance

Figure 7: Bicommisural and LVOT view
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MitraClip delivery steerable system is then advanced 
over a Superstiff wire into the left atrium. The Superstiff 
wire is then removed and baseline left atrial pressure 
is recorded. The MitraClip device is then carefully ad-
vanced into the left atrium through the device deploy-
ment sheath under fluoroscopy and TEE guidance.

From the plane of entry into the left atrium, paral-
lel to the mitral annulus, the clip delivery system can 
be steered towards the valve using the mediolateral 
steering knob to turn the device 90 degrees and by 
turning the guide clockwise, aligning the clip per-
pendicular to the annulus. Once the device reaches 
just above the leaflets, an assessment is made of the 
position of the clip in a mediolateral and anteroposte-
rior plane, using bicommissural and LV outflow tract 

Cardiac imaging with visualization of the interatri-
al septum (IAS) and the mitral valve apparatus is vital 
to the success of the MitraClip procedure. Operators 
should be well versed in obtaining and interpret-
ing echocardiographic views to guide trans-septal 
puncture, device positioning and clip deployment. 
Furthermore, operators should be aware of the pa-
rameters used to assess the success of clip deploy-
ment based on echocardiographic interrogation. At 
our institution, TEE is performed by a cardiac anesthe-
siologist experienced in MitraClip procedures, with an 
understanding of the expectations and requirements 
of the operator. Effective communication between 
the individual procuring the TEE images and the 
operator is imperative to facilitate an efficient and 
effective procedure. 

The trans-septal puncture is arguably the most 
critical step of the procedure. If the puncture is inac-
curate, subsequent device maneuverability and clip 
positioning is made difficult, often resulting in failed, 
or at best, unsatisfactory clip deployment position re-
flected by minimal or no improvement in MR. Indeed, 
poor clip position may in fact worsen the degree of 
MR or cause MS. Accordingly, we take great care to 
ensure precise trans-septal puncture, repeating the 
process if necessary to ensure an optimal starting po-
sition. The trans-septal puncture is performed under 
both fluoroscopic and TEE guidance using standard 
equipment and technique. 

We recommend simultaneous viewing of a short 
axis image for anteroposterior positioning and a bi-
caval image for superoinferior positioning. The opti-
mal puncture site is located slightly inferior and pos-
terior on the septum (Figure 5). Once this position 
is located we obtain a 0 degree, 4 chamber view to 
measure the “device distance”, defined as the dis-
tance of the septal puncture from the mitral annu-
lus. Ideally, this distance should be 4.0–4.5 cm above 
the mitral annulus as measured perpendicular to 
the plane of mitral valve coaptation during systole 
(Figure 6). If difficulty is encountered puncturing the 
septum, such as in the case of a thickened or fibrot-
ic septum, focal cauterization of the septum can be 
used to facilitate entry. 

Once the needle is across the septum the entire 
system is advanced into the left atrium and heparin 
is administered for anticoagulation. The 24F Abbott 

Figure 8: A. Checking orientation in 3D enface view. B. Correcting 
orientation in 3D enface view
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the desired direction then transmitting the torque 
by moving the handle up and down rapidly. Once 
the clip is perpendicular to the leaflets, the clip is ad-
vanced in the open position through the valve. The 
orientation of the clip is re-checked, the clip is closed 
to 120 degrees, and the DC handle retracted slowly 
to grasp both leaflets in the device. Once leaflet cap-
ture is confirmed the grippers are pushed down and 
the clip is closed. TEE interrogation is then performed 
in multiple views to ensure leaflet capture with ad-
equate tissue grasp, reduction in MR (assessed by 
regurgitant volume, size of MR PISA and pulmonary 
vein Doppler), and absence of a significant gradient 
(Figure 9). If these procedural goals have been met, 

echocardiographic views respectively (Figure 7). The 
trajectory of the clip is examined by moving the DC 
handle up and down while assessing the direction of 
the delivery shaft. Adjustments in the medial or lat-
eral direction are made in the bi-commissural view 
either by moving the entire system or by adjusting 
the ‘M’ knob. Adjustments in the anterior or posterior 
direction are made in the LVOT view by rotating the 
guide handle clockwise or counter-clockwise. Once 
an ideal position is achieved, the clip is opened to 
180 degrees and a 3-D en face surgical view of the 
mitral valve is obtained to assess for orientation of 
the clip arms relative to the leaflets (Figure 8). Any 
adjustments are made by rotating the DC handle in 

Figure 9:  Pre deployment check: A. Leaflet insertion. B. Reduction in regurgitation (i) pre (ii) post. C. Pulmonary vein assessment (i) pre (ii) 
post. D. Mitral Stenosis (i) pre (ii) post.
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Conclusion
The MitraClip procedure is a safe and effective ap-

proach to reduction of MR with proven durability and 
clinical improvement. The safety of the procedure 
is attributable to two key elements. Firstly, the per-
cutaneous trans venous access, which limits the 
significance of vascular complications compared to 
an open surgical approach. Secondly, the trans septal 
approach, which is a far less invasive method of ac-
cessing the mitral valve compared to surgical access 
via the left atrium. 

In the United States, the FDA has approved the 
MitraClip device for treatment of high risk patients 
with primary MR. The currently enrolling randomized 
COAPT study will help address the question regarding 
the benefit of MitraClip in conjunction with guideline 
directed medical therapy when compared to stan-
dard care in high risk patients with FMR. Furthermore, 
the question of long-term, sustained reduction of MR 
and persistent clinical improvement remains to be 
addressed with longer duration of follow up. Based 
on the impeccable safety profile of the procedure 
and demonstrated medium-term clinical durability, 
future studies should be aimed at the evaluation of 
MitraClip for treatment of patients with severe prima-
ry or functional MR deemed moderate, or indeed low 
risk, for surgery. 
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Comment on this Article or Ask a Question  

the clip is released. The TEE evaluation is repeated 
once more and if there is significant residual MR and 
no significant gradient (>6mmHg) additional clips 
can be deployed. These are deployed in the previ-
ously described manner with one key difference—
subsequent clips are passed through the valve in a 
closed position and opened below the valve in the 
ventricle. Placement of additional clips carries a risk 
of worsening MR (due to deformation of the leaflets), 
clip interaction and potential instability, and signifi-
cant stenosis. In our experience, it is technically more 
challenging to place additional clips medial to the 
first clip. As such, when reviewing echo images prior 
to the procedure and expecting the need for multiple 
clips, or if considering an additional clip during the 
procedure, we aim to place the first clip in the more 
medial position and all subsequent clips laterally. An 
inherent advantage of the MitraClip procedure is the 
ability to remove a clip following closure and subse-
quent assessment. Accordingly, if the operator is dis-
satisfied with the result of an additional clip this can 
simply be opened, detached from the leaflet, brought 
back into the guide, and removed from the body. 

The MitraClip procedure is generally safe and well 
tolerated. Aside from the risks associated with gener-
al anesthesia, those specific to the procedure include: 
femoral venous complications; trans-septal trauma 
resulting in an atrial septal defect (significant shunts 
may require closure), left atrial perforation (care must 
be taken to manipulate the guide catheter away from 
the posterior wall of the left atrium prior to removal); 
clip detachment and embolization (clip stability must 
be assessed fluoroscopically and via echocardiogra-
phy prior to final release of the clip); and endocarditis. 
The overall rate of such adverse events in our experi-
ence is less than 1%.
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Abstract
Tricuspid valve failure with low output state is a grow-
ing problem in the management of structural heart dis-
ease and stage D heart failure. Severe tricuspid valve 
disease either due to congenital or acquired etiology 
constitutes high risk for palliative or definitive surgi-
cal correction. Limited progress is noted so far on the 
evolution of durable surgical techniques on tricuspid 
valve disease and spiraling down refractory right heart 
failure continues to be the Achilles heel in the manage-
ment. Over the last decade, transcatheter therapies for 
the management of aortic and pulmonary valves have 
expanded the therapeutic options for patients deemed 
at high risk for conventional surgery. The intervention-
al therapies to manage tricuspid valve failure have 
mostly been a surrogate use of established therapies 
for other valves. The numerous interventional strat-
egies used on failing tricuspid valve include percu-
taneous tricuspid valvuloplasty, percutaneous valve 
in valve, valve-in-ring implantation, and orthotopic/
heterotopic valve implantation using commercially 
available “off-label” device or dedicated custom-made 
devices. This review focuses on the different percuta-
neous approaches and devices that have evolved for 
the management of tricuspid valve failure with varying 
anatomical substrates such as native tricuspid valves, 
annuloplasty rings or bioprosthesis.
Copyright © 2015 Science International Corp.
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Introduction

A variety of congenital and acquired etiologies af-
fect the tricuspid valve. While congenital lesions such 
as tricuspid valve dysplasia or Ebstein’s anomaly cause 
organic involvement of the tricuspid valve apparatus, 
acquired lesions may be function with less obvious 
structural abnormality other than annular dilation, 
most commonly due to pulmonary hypertension or 
any other etiology causing severe right ventricular 
dilatation [1-3]. Once considered a dispensable valve, 
when tricuspid valve stenosis and/or regurgitation are 
severe, cardiac output decreases and patients develop 
spiralling down symptoms of right heart failure with 
congestive hepatosplenomegaly, peripheral oedema 
and cardiac cachexia. A wide variety of tricuspid valve 
surgeries such as valve repair with or without annu-
loplasty and even valve replacement have produced 
just satisfactory results mostly due to the high opera-
tive mortality of up to 22% in such patients deemed as 
very high-risk for perioperative events [2-4]. 

Transcatheter Therapies for Tricuspid Valve Failure
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Moreover secondary tricuspid valve disease with 
right ventricular failure is emerging as an Achilles 
heel for the management of a vast population of pa-
tients with severe left sided heart failure, requiring 
assist devices. 

Over the last decade, transcatheter aortic and 
pulmonary valve implantation has revolutionized 
the therapeutic options for patients at high risk for 
conventional surgery [5-8]. There has been growing 
interest in the field of interventional cardiology to 
percutaneously treat dysfunctional tricuspid valves. 
Although the data is less robust compared with tran-
scatheter pulmonary or aortic valve replacement, 
several experimental and clinically useful interven-

tions to treat tricuspid valve dysfunction in various 
anatomical settings such as native tricuspid valves, 
annuloplasty rings or bioprosthesis have been de-
scribed. In this review, we lay emphasis on different 
strategies and devices developed so far, which may 
serve as a useful platform for transcatheter therapy 
for tricuspid valve failure.

Percutaneous Treatment of Degenerated 
Tricuspid Bioprosthetic Valves: Valve-in-Valve 
Technique

Bioprosthetic cardiac valves are usually preferred 
in young patients due to reduced thromboembol-

Figure 1.    Repositionable valved stent (Zegdi et al. réf 11). A, B and C. Representation of the principle of compression-relaxation of 
the valved stent. After deployment of the nitinol self-expandable device (A), the stent can be reversibly compressed (B) by exerting 
traction on the encircling suture through a proximal handle (C). D. Fluoroscopy, positioning of the valved stent within a tricuspid 
bioprosthetic valve. E. Macroscopic posterior view of the heart showing excellent positioning of the valved stented inside the failed 
tricuspid bioprosthesis.
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ic risk and the need for long-term anticoagulation 
therapy as required with mechanical prostheses. 
However all bioprosthetic valves eventually fail over 
time with progressive age induced degeneration.  Re-
peat sternotomy in such patients carries a high risk of 
morbidity and mortality. Transcatheter valve-in-valve 
implantation has emerged as a promising treatment 
option for degenerated bioprosthetic heart valves in 
these multi-operated high-risk patients and has been 
described for failing bioprosthetic valves in all four 
cardiac locations [9]. 

Evolution 

In an early preclinical study, Boudjemline et al. [10] 
were the first to evaluate the proof of concept of mitral 
valve-in-valve treatment in a sheep model. A bovine 
jugular valve was mounted on a stent and success-
fully implanted off-pump through a transatrial mini-
invasive approach in 6 sheep (Video 1 and Video 2). In 
a subsequent animal study, Zegdi et al. [11] reported 
the successful implantation of a repositionable valved 
stent (porcine aortic valve sutured on a nitinol self ex-
pandable stent) in tricuspid bioprosthetic valves. The 
originality of the delivery system consisted of the pos-

sibility of controlling reversibly the deployment of the 
valved stent as many times as needed before the final 
release, to allow implantation in appropriate position 
(Figure 1 and Videos 3 to 7).

Since then successful percutaneous valve- 
in-valve implantations in humans have been especial-
ly reported for pulmonary and aortic valves [12, 13]. 
The first human case of transcatheter valve-in-valve 
implantation in the tricuspid position was described 
by Van Garsse and colleagues [14]. Since then sever-
al anecdotal case reports and small case series using 
two different valves: the Melody® valve (Medtronic, 
Minneapolis, Minnesota, USA) and the Edwards SA-
PIEN™ valve (Edwards Lifesciences, Irvine, California, 
USA) have been described [15-22]. These procedures 
were performed in a heterogeneous population, in-
cluding children and adults with congenital heart 
disease, patients with prior infective endocarditis, 
and patients with a history of rheumatic or carcinoid 
heart disease.

The first multicentric series of percutaneous tricus-
pid VIV replacement using Melody valve in 15 patients 
with good results was published in 2011 (age range 8 
to 64 years) [16]. The primary indication for the pro-
cedure was predominantly stenosis in 10 and regur-

Video 1.    Angiogram showing the valve in valve concept in mi-
tral position in a sheep. A bioprosthetic valve (Mosaic, Medtronic) 
has been surgically placed. A Melody valve has been thereafter 
placed inside the surgical valve used as a landing zone. (Boud-
jemline et al, Eur Heart J. 2005;26:2013-7) 

Video 2.    Echographic imaging showing the valve in valve con-
cept in mitral position in a sheep. (Boudjemline et al, Eur Heart J. 
2005;26:2013-7.)  
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death in a patient with pre-procedural multi-organ 
failure, one with third-degree heart block requiring 
pacemaker implantation, and one case of endocarditis 
requiring valve removal 2 months after implantation.

Recently, a similar case series reporting percuta-
neous implantation of the Melody valve within failed 
mitral (n=10) and tricuspid (n=9) bioprosthetic valves 
was published [23]. Among tricuspid patients (mean 
age 42 ± 24 years), mean transvalvular gradient was 
10 ± 4.3 mm Hg among and seven patients had mod-
erate or worse tricuspid valve regurgitation. Imaging 
was performed with intracardiac echocardiography 

gitation in 5. The valve was successfully placed in all 
patients via the femoral vein in 11 and the internal 
jugular vein in 4 patients. Pre-dilation or low-pressure 
balloon sizing was performed in four patients be-
fore valve implantation while pre-stenting was not 
described. Post-implantation dilation using high-
pressure balloons was performed in seven patients. 
The median post-procedure tricuspid gradient was 
2 mm Hg and no patient had more than mild regurgi-
tation. After a median follow-up of four months, 14 of 
15 patients who underwent the Melody valve implan-
tation are alive and well. Complications included one 

Figure 2.    Implantation of a valved stent in large tricuspid annulus. Creation of a platform. The platform is created using the property 
of 2 different stents used simultaneously with one fitted within the second one: 1/ a bare metal stent with limited expansion (typically 
short EV3 LD mega) allows a restrictive region for subsequent valve insertion; 2/ a covered stent without limited expansion (typically 
long covered CP stent) allows anchoring to the large surgically inserted bioprosthesis. Top left. EV3LD mega is mounted on a long 
covered CP stent over a balloon. The balloon is being inflated. Top right. in vitro aspect after deflation and retrieval of the balloon 
catheter. The stent assembly has now the aspect of a Dumbbell stent creating a perfect platfrom for a valved stent. Below/left. front 
view of the stent assembly within a bioprosthetic surgical valve. The extremities of the stent assembly are holding on the frame of 
the bioprosthetic valve. Below/right. axial view of the stent assembly within a bioprosthetic surgical valve. 2 different diameters are 
shown. The middle part is smaller than the extremities. This middle part will hold the valved stent to be implanted.
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associated with dilated poorly contractile right atria 
leading to limited valve leaflet mobility may explain 
this rapid deterioration; however these observations 
remain partially unexplained. We observed similar 
findings in failing Fontan patients receiving a Melody 
in the Fontan circulation [25]. 

The primary indication for tricuspid valve-in-valve 
implantation remains a key point of this procedure. If 
the predominant lesion of the bioprosthetic valve is 
stenosis (with or without regurgitation), the procedure 
may be then performed using standard technique. 
The size of the original surgical valve is not important. 
The only burning question in that situation is to know 
if the stenosis could be opened enough to reduce 
the transvalvular gradient. Recently, a Spanish team 
reported the successful implantation of a 29-mm 
Edwards-SAPIEN XT prosthesis within a 31-mm  
stenotic tricuspid bioprosthesis through a transfem-
oral approach [26]. The procedure was carried out 
without predilatation or balloon sizing of the bio-
prosthesis. Prestenting is rarely performed during tri-
cuspid valve in valve implantation. This is in contrast 
with percutaneous pulmonary valve implantation 
where pre-stenting is most of the time necessary to 
create a stable landing zone and to prevent stent frac-
ture in the right ventricular outflow tract. However, as 
the tricuspid valve is in general far away from right 
ventricular muscular bands as well as from the ster-
num, valved stent fracture is not a major issue in the 

in seven patients and TEE in three patients. Balloon 
sizing of the prosthesis was performed in all patients, 
no prestenting was described. All patients underwent 
successful implantation of a 22-mm Melody valve 
with satisfactory results. No periprocedural death, 
stent fracture or valve embolization was observed. 
During follow up, two patients had vascular compli-
cations (femoral artery pseudo aneurysm and femo-
ral vein phlebitis) and one patient was operated for 
a Melody valve thrombosis due to heparin-induced 
thrombocytopenia.

Despite the promising results of the percutaneous 
tricuspid valve-in-valve implantation, a case series 
describing early failure of Melody and Sapien valves 
in the tricuspid position was recently published [24]. 
Authors describe four procedures in three patients 
where implantation of percutaneous valves within 
bioprosthetic tricuspid valves was performed with 
excellent immediate post procedural results. How-
ever, in all four cases evidence of rapid valve failure 
within 2 weeks following intervention in three of the 
four cases and later in the fourth case was described. 
Two patients required surgical explantation and sub-
sequent examination of the prosthesis showed de-
generation with thickening and contraction of the 
leaflets. Routine blood tests including immunologi-
cal and inflammatory markers were normal without 
evidence of endocarditis. Authors suggested that 
individual factors and/or hemodynamic conditions 

Video 3.    In vitro Video showing a custom-made retrievable 
stent. (Zegdi et al, JACC. 2006;48:1365-8). 

Video 4.    Video showing the valve in valve concept in tricuspid 
position in a sheep. A regurgitant bioprosthetic valve is surgically 
placed (Zegdi et al, JACC. 2006;48:1365-8).
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specific techniques to make these patients amenable 
to transcatheter valve insertion. Briefly, presenting is 
required in that situation. The first step is to create 
a restrictive landing zone to allow for a safe deploy-
ment of a Melody valve. The platform is created using 
the property of 2 different stents used simultaneously 
with one fitted within the second one: 1.) A bare met-
al stent with limited expansion (typically short EV3 
LD mega) allows a restrictive region for subsequent 
valve insertion; 2.) A covered stent without limited ex-
pansion (typically long covered CP stent) allows an-

tricuspid position. However it is important to remem-
ber that widest excursion of annular plane occurs 
at the tricuspid location. The structural framework 
present in most of the tricuspid bioprosthetic valves 
may offer protection from compressive and rotational 
forces and thus from stent fractures.

If the tricuspid valve failure leads exclusively to 
regurgitation, then the dimensions of the valve (es-
pecially the inner diameter) must be precisely known 
and evaluated by the operator during the procedure 
using a balloon sizing. Others and we have reported 

Figure 3.   Self expanding valved stent for percutaneous tricuspid valve replacement (Boudjemline et al. réf 36). A. The device consists 
in a nitinol self-expandable stent formed of two disks (40-mm diameter) separated by a tubular part (15-mm length, 18-mm diame-
ter) containing a bovine jugular vein valved. to guarantee the sealing of the device. B, C and D. Deployment of the device on bench 
testing. The device is loaded into a « homemade » delivery system (B), the right ventricular disk is deployed in the by pulling on the 
external sheath while maintaining the dilator in position;  this disk is subsequently applied to the tricuspid annulus by pulling on the 
external sheath and dilator (C), then the atrial disk is delivered similarly, making the two disks sandwiching the tricuspid annulus (D). 
E. Macroscopic view of the valved stent from the right ventricular side. * bovine jugular vein segment sutured into the tubular part 
of the device; avoid paravalvular leakage, a polytetrafluoroethylene membrane is sutured outside the ventricular disk (black arrow).
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choring to the large surgically inserted bioprosthesis 
(Figure 2). Type and diameter of balloons used to de-
liver the stents largely depends on the inner diame-
ter of the surgical valve. Following the creation of the 
landing zone, transcatheter valves insertion could be 
performed using conventional technique. Using this 
technique, we treated patients with regurgitant surgi-
cal valve up to 33-mm in diameter. In our experience, 
the creation of free tricuspid regurgitation following 
prestenting is well tolerated and no rush is needed to 
implant the valve. 

 Excluding the transatrial hybrid procedures with 
direct right atrial puncture [27], completely percu-
taneous tricuspid valve-in-valve implantations were 
performed using either a femoral or an internal jugu-
lar venous approach. 

In cases where the tricuspid valve prosthesis is di-
rected toward the superior vena cava, the transjug-
ular approach should be preferred to obtain a better 
angle when positioning the valve, especially with the 
Edwards SAPIEN valve that is a larger and more rigid 
device. Nevertheless, despite these considerations, the 
decision about the approach has to be taken separate-
ly for each patient regarding patient’s valve anatomy.

Rapid pacing is generally performed during Ed-
wards SAPIEN implantation to allow accurate posi-
tioning of this relatively short valve. It is usually not 

required with the longer Melody valve. In our experi-
ence, rapid pacing is not necessary and femoral veins 
provide excellent access to the tricuspid. During po-
sitioning on the valved stent, the assembly can easily 
be aligned (horizontalized) to the tricuspid annulus 
by maintaining forward pressure on the stiff wire thus 
mimicking jugular pathway.  

The Edwards SAPIEN® valve has the advantage of 
being available in larger sizes with relatively shorter 
stent lengths (the 26-mm valve measures 16-mm in 
length) when compared with the MELODY® Valve (the 
stent measures 23 mm in length when dilated to 22 
mm). Moreover, its shorter stent may not protrude 
significantly into the adjacent cardiac chambers. On 
the other hand, correct positioning of this shorter 
valve may be more difficult, although rapid pacing 
may be used to allow safer implantation, and ma-
nipulation of the Melody delivery system is easier in 
complex anatomies with important angulation of the 
tricuspid annulus in relation to the superior vena cava 
and inferior vena cava. 

Despite experience is accumulating worldwide 
with these two devices, there is currently lack of data 
to conclude that one of the devices is superior to the 
other in this off-label use.

Video 5.    Echographic Video showing regurgitation of the 
implanted bioprosthetic surgical valve (Zegdi et al, JACC. 
2006;48:1365-8).

Video 6.    Angiogram showing the implantation of the retriev-
able valve stent. The stent is slowly opened inside the biopros-
thesis than closed and repositioned and finally released and left 
in position. (Zegdi et al, JACC. 2006;48:1365-8).
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shape of the Sapien® valve. However, in bench test-
ing, authors demonstrated the adaptability of the 
Physio® ring into a circular form at balloon insuffla-
tions. Subsequently, several papers reported mitral 
valve-in-ring implantation through a left ventricular 
trans apical approach in compassionate-use proce-
dures for patients with high surgical risk [29, 30]. In-
deed, the first in man implantation of a transcatheter 
valve in a mitral annuloplasty ring was performed in 
a 72-year-old man with ischemic heart failure (ejec-
tion fraction 35%) and severe mitral regurgitation. A 
26-mm Sapien-Edwards aortic valve was successfully 

Valve-in-Ring Therapy

Based on the principle of valve in valve, a com-
pletely rigid annuloplasty ring may also offer ade-
quate anchoring support and landing zone. The first 
experiments were performed for the mitral valve. In 
an animal study, Kempfert et al. [28] showed that an 
off-pump transatrial transcatheter valve in ring im-
plantation using 23-mm Edwards Sapien® valve in a 
26-mm Physio® mitral ring was feasible with good 
heamodynamic results. One main concern was the 
oval shape of the Physio® ring versus the circular 

Figure 4.   Transcatheter bicaval valve implantation. A. Fluoroscopy - Right atrial angiography:  The inferior vena cava (IVC) valve is 
designed with the upper segment protruding into the right atrium (RA), the superior vena cava (SVC) device is funnel shaped to 
facilitate anchoring at the cavoatrial junction. Contrast is retained at the level of the valved stents. RA: right atrium; SVC: superior 
vena cava; IVC: inferior vena cava. B. Transoesophageal echocardiography: long-axis view of the IVC device after deployment. C. Post 
mortem specimen macroscopic view: the valved stents are securely anchored with the stent struts covered by fibrous tissue, fixing 
the devices.
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prosthesis apposition, and reduce the risk of device 
embolization or paravalvular leak. A similar case was 
recently reported using the same approach and the 
same transcatheter 26 mm Edwards SAPIEN® pros-
thesis [35].

For transcatheter VIR implantations, the dimen-
sions of the tricuspid valve annulus are better 
approximated by the commercially available SAPI-
EN® valves (up to 26 mm in diameter) than the Mel-
ody valves (maximum expandable diameter 22 mm). 
However, because of the conception of the Edwards 
valve (made of manufactured three equal pericardial 
leaflets), the device should be open as close as possi-
ble to its nominal diameter and as round as possible 
to allow enough flow and closing volume and thus 
avoid functional stenosis or leak. Melody valve is 
more versatile and can be open to various diameters 
and configuration without impinging the valvar func-
tion. However expansion of Melody valves to diame-
ters larger or equal to 25-mm has been associated in 
with valvular incompetence and device embolization 
when implanted in mitral rings [33]. Nevertheless, the 
valve-in-ring approach for atrioventricular valves may 
extend the functional life of the surgical substrates in 
a manner analogous to Melody® and Sapien® valve 
treatment for dysfunctional surgical conduits in the 
pulmonary position.

Percutaneous Treatment of Native Tricuspid Valves

In native tricuspid valves, implanting a trancath-
eter prosthesis remains challenging because of the 
absence of a stiff region to anchor the valve, and the 
lack of fluoroscopic markers and the difficulties to 
precisely assess annulus measurements (due to the 
absence of tricuspid surgical markers such as ring 
or bioprosthesis). However, strategies have been de-
veloped to perform not only percutaneous tricuspid 
valve replacement whether in orthotopic or hetero-
topic position, but also a conservative transcatheter 
tricuspid valvuloplasty.

Transcatheter Orthotopic TV Replacement

In 2005, Boudjemline et al. [36] designed a new 
device intended to be implanted percutaneously in 
native tricuspid valves and published the first study 

implanted during rapid right ventricular pacing with-
in the 28-mm Physio® mitral annuloplasty ring with 
equal proportions within the left ventricle and the 
left atrium, using fluoroscopy and transesophageal 
echocardiography guidance. 

The first transcatheter tricuspid valve-in-ring im-
plantation was described by Mazzitelli et al. [31]. They 
reported the case a of a combined off-pump ante 
grade trans-atrial implantation of a 26-mm Sapien® 
valve within mitral and tricuspid annuloplasty rings 
(Physio® 28-mm and 26-mm respectively) through an 
anterolateral minithoracotomy in a 61-year-old wom-
an. The direct trans-atrial approach was considered to 
be ideal to treat both valves at the same time. The pa-
tient was extubated after 24 hours and discharged on 
the ninth postoperative day with satisfactory valvular 
function (minor paravalvular tricuspid regurgitation). 
Shuto et al. [32, 33] described the first completely 
percutaneous valve-in-ring implantation using the 
Melody® device in a mitral ring. Via standard vascular 
access and transseptal techniques, they successfully 
deployed the Melody® valve into the mitral position 
from the venous circulation in five sheep, without 
complication. Although there was a conformational 
change noted in the implanted Melody® valves from 
“round” to “oval”, there was no perivalvular leakage 
and only trivial to mild central regurgitation was ob-
served. These results were confirmed in another ani-
mal study using 4 distinct types of annuloplasty ring.

The complete percutaneous approach was recent-
ly used to perform a tricuspid VIR implantation in a 
64-year-old female who underwent placement of a 
mitral valve homograft with a #34 Physio® ring (Ed-
wards Lifesciences, Irvine CA, USA) in the tricuspid 
position in whom echocardiography revealed severe 
tricuspid stenosis with a mean gradient of 16 mm Hg 
with mild tricuspid regurgitation [34]. A transcathe-
ter 26 mm Edwards SAPIEN® valve was placed in the 
tricuspid position through a femoral vein approach, 
resulting in near normalisation of tricuspid valve gra-
dient. Prosthesis size was estimated by computed to-
mography, intracardiac echocardiography, and finally 
by balloon sizing during the procedure. Furthermore, 
a pre-stenting technique was used to ensure appro-
priate coverage of the valvular orifice and make valve 
positioning easier although the presence of a com-
plete rigid Physio® ring may theoretically facilitate 
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beneath the right atrial element for minimizing 
paravalvular leak. This device was successfully 
implanted in pigs through a mini-thoracotomy using 
trans-ventricular approach with a reduction of para-
valvular leakage [38]. 

Although these papers opened perspectives into 
transcatheter orthotopic native tricuspid valve replace-
ment, no further experimental developments or hu-
man implantation were published with these devices.

Recently, Kefer et al. [39] published the first hu-
man transcatheter implantation in a “native” tricuspid 
valve using a 26-mm Sapien® valve after failed multi-
ple surgical repairs in a 47–year-old female. Tricuspid 
annulus size was assessed by magnetic resonance 
imaging, three-dimensional transesophageal echo-
cardiography and especially low-pressure balloon siz-
ing during the procedure. Prestenting was achieved 
by covered stent to create a rigid landing zone and 
to avoid paravalvular leak. As it is the case for VIR 
implantations, the dimensions of the tricuspid valve 
annulus were better approximated by the SAPIEN® 

valves than the Melody valves (maximum expandable 
diameter 22 mm). However, after first valve implanta-
tion, severe paravalvular regurgitation was observed, 
related to a more apical position of the Sapien® valve. 

with percutaneous tricuspid valve implantation in 
8 healthy ewes. This prosthesis consisted in a niti-
nol self-expandable stent formed of two disks (40-
mm diameter) separated by a tubular part (15-mm 
length, 18-mm diameter) containing a bovine jugu-
lar vein valved segment. A polytetrafluoroethylene 
membrane was sutured outside of the ventricular 
disk to guarantee the sealing of the device. The di-
ameter of the two disks was chosen to be slightly 
larger than the diameter of the tricuspid annulus 
to allow for anchoring (Figure 3 and Videos 8 to 11). 
Mechanical fixation was ensured by trapping the 
annulus between the two disks. In one animal, the 
device was trapped in tricuspid chordae, leading to 
its incomplete opening. A significant paravalvular 
leak was observed in one animal, due to a torn the 
PTFE membrane beside a weld fracture.

Other authors described a similar valved stent; a 
porcine pericardial valve mounted on a double-edge 
nitinol stent with satisfactory results in a chronic 
sheep model despite 2 device embolization upon 10 
procedures [37]. 

Moreover, Iino et al. describe another device, a bo-
vine pericardial valve mounted on a self-expandable 
nitinol stent with a super-absorbent polymer placed 

Video 7.    Echographic Video after transcatheter valve implant 
showing correction of the regurgitation of the implanted bio-
prosthetic surgical valve (Zegdi et al, JACC. 2006;48:1365-8).

Video 8.    Video showing the delivery of a valved stent in tri-
cuspid native valve. The delivery system is advanced over a wire 
in the right ventricle. The RV disk is slowly opened in the apex 
of the RV and pullback in the tricuspid annulus. The device is 
then completely opened and delivered (Boudjemline, JACC. 
2005;46:360-5).
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sals and possibly hepatic complications fails to keep 
the right atrial and ventricular dilatation under check 
and may lead to potential deleterious hemodynamic 
and rhythmic effects.

Subsequently, the first-in-man application of this 
concept was performed as a compassionate treat-
ment in a 79-year-old female patient with severe func-
tional tricuspid regurgitation. Through the femoral 
vein, a custom-made self-expanding valved stent was 
implanted into the inferior vena cava, anchored at the 
cavoatrial junction. After deployment, excellent valve 
function was observed without paravalvular leakage 
resulting in a marked reduction in caval pressure. 
The patient experienced improved physical capacity 
and a partial reduction of ascites. The patient died 3 
months after the procedure from intracranial haem-
orrhage (Figure 4). Autopsy confirmed an unchanged 
position and excellent function of the valve in the IVC 
without evidence of degeneration, thrombus forma-
tion, or other causes of dysfunction [42, 43]. The same 
team published recently the case of a similar case of 
an 83 years-old female who underwent implantation 
of 2 custom-made self-expanding valved stents into 
the superior and inferior vena cava without compli-
cation. The procedure (CAVI) resulted in an imme-
diate and sustained hemodynamic improvement. 
Moreover, the patient showed a substantial clinical 

A second Sapien® valve 26 mm was then implanted 
just proximal to the first one solving the tricuspid 
leak. This is likely due to that Sapien® valve has a cov-
ered length of only 10 mm, significantly shorter than 
the Melody prosthesis (up to 23 mm). 

These issues may be resolved in the future with the 
development of specific devices with larger diame-
ters and longer covered lengths, more appropriate 
for transcatheter valve implantation in the tricuspid 
position. 

Heterotopic TV Replacement or Caval Valve  
Implantation (CAVI)

Lauten et al. [40, 41] evaluated in an animal study 
a percutaneous approach to treat native TV failure 
using heterotopic valve implantation in the central 
venous position. Using a right internal jugular vein 
approach authors implanted two self-expanding ni-
tinol stents containing a porcine pulmonary valve 
in the superior and inferior caval veins of 13 sheep 
presenting severe tricuspid regurgitation. All but one 
valve was correctly deployed as intended (one device 
embolization in the right atrium) leading to a signifi-
cant decrease of central venous pressure and cardiac 
output. This interesting concept with lack of intracar-
diac foreign material preventing venous flow rever-

Video 10.    Echographic Video in long axis view after transcath-
eter valve implant showing good function of the leaflets. (Boud-
jemline, JACC. 2005;46:360-5).

Video 9.    Angiogram after release showing the competence 
of the newly implanted tricuspid valve. (Boudjemline, JACC. 
2005;46:360-5).
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high-risk patients  in end-stage heart disease, the 
costs involved for this type of procedure should be 
taken into account and carefully weighed against the 
clinical benefit.

Transcatheter Tricuspid Valvuloplasty

Percutaneous procedures may be an attractive al-
ternative to surgery for patients who are high-risk sur-
gical candidates. In patients with native failed tricuspid 
valve, some of the concepts that have been developed 
for the percutaneous treatment of mitral regurgitation 
may be adapted to percutaneous repair of the tricus-
pid valve (percutaneous annuloplasty, edge-to-edge 
repair) [47, 48]. The Millipede system (Millipede, LLC, 
Ann Arbor, Michigan, USA) consists in placing a new 
tricuspid annular ring with a unique attachment sys-
tem through a minimally invasive approach - surgical 
or percutaneous.  This repositionable and retrievable 
device may restore the native tricuspid annular shape 
and diameter and thus treat functional tricuspid regur-
gitation. It is currently under preclinical development. 
Furthermore, the use of the Mitralign Percutaneous 
Annuloplasty System (Mitralign Inc., Boston, Massa-
chusetts, USA) or the QuantumCor System (Quan-
tumCor, Inc., Bothell, Washington, USA) may in a near 

improvement of heart failure symptoms, normaliza-
tion of liver function, and improvement of physical 
capacity after 12 months of follow-up [44]. To avoid 
right heart failure by increased preload, it seems that 
preserved right ventricular function is mandatory for 
the success of this procedure. Furthermore, because 
these valves are implanted in the low-pressure sys-
tem, lifelong anticoagulation is required.

Laule et al. [45] reported a case series of three pa-
tients who had percutaneous caval valve implantation 
(CAVI) for severe tricuspid regurgitation (Videos 12 
and 13). Procedures were performed using Edwards 
Sapien XT (29 mm) valved stent following superior 
and inferior vena cava prestenting. No complication 
occurred. After 1 month, valve function remained ex-
cellent without regurgitation or leakage and all pa-
tients improved by at least 1 NYHA class. In patients 
with enlarged inferior vena cava, a mini-invasive 
surgical caval banding can be performed to allow a 
safe valved stent implantation in appropriate landing 
zone [46].

Despite encouraging first results, further studies 
are warranted to evaluate the benefit of the het-
erotopic transcatheter tricuspid valve implantation 
procedure during long-term follow-up in larger co-
horts. Furthermore, as this concept is targeted for 

Video 12.    Video showing preparation, implantation and angio-
gram of two self-expandable valved stents in a CAVI procedure. 
(Lauten, Circ Cardiovasc Interv. 2014;7:268-72).

Video 11.    Echographic Video in transverse axis view after tran-
scatheter valve implant showing the position of the valve stent 
in regards with the original tricuspid annulus. (Boudjemline, 
JACC. 2005;46:360-5).
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management of valvular disease with the introduc-
tion of newer, safer and low profile percutaneous 
valves. While the indications for percutaneous valve 
implantations at the aortic and pulmonary position 
are expanding, there has been very limited growth 
on the front of percutaneous treatment of tricuspid 
valve diseases. In selected patients with high surgi-
cal risk, initial results of percutaneous tricuspid valve 
treatment is encouraging for various valvular sub-
strates such as native valves, annuloplasty rings and 
bioprosthesis. Evolving strategies with newer per-
cutaneous valves for eligible patients with tricuspid 
valve failure is likely to improve outcomes if done in 
a timely manner before the onset of irreversible right 
ventricular pump failure and may even reduce the 
need for a right ventricular assist device. 
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future be extended to tricuspid valve as well.

Challenges

The large diameter, dynamic and highly variable na-
ture of tricuspid annulus with the relatively poor fibro 
skeletal support is an important limitation [49, 50]. With 
limited annular contractile property in contrast to the 
mitral annulus, it is important to assess load indepen-
dent indices of right ventricular contractility especially 
of the sub-annular fibers. The minimum required RV 
contractility to ensure a good closing volume, the mini-
mum required cardiac output and possibly RA contrac-
tility to ensure adequate opening of the valve without 
clogging and maintain long-term durability is yet to 
be defined. The need for a low profile self-expanding 
valve that may reach an outer diameter of 70 mm as 
known in patients with clinically significant and func-
tional tricuspid regurgitation is another challenge. An 
ideal length of the covered stent is also important to 
prevent inadvertent encroachment of the tricuspid 
valve apparatus and its neighborhood including right 
ventricular outflow tract. Other challenges include cre-
ating a stable landing zone in native valves, preventing 
stent fracture and paravalvular leaks. 

The exponential increase in right and left sided val-
vular interventions may possibly unfold the natural and 
unnatural history of primary and secondary tricuspid 
annular dilation and help our understanding for the 
creation of a stable, self expanding percutaneous valve 
with minimal paravalvar leak. Demonstrating a safe and 
economically viable strategy with good long-term out-
comes may also be required as the devices evolve. 

Conclusion

Over the past decade, there has been a paradigm 
shift in the interventional armamentarium for the 

Video 13.    3D CT performed in a patient following a CAVI proce-
dure. (Lauten, Circ Cardiovasc Interv. 2014;7:268-72).
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