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Mitral regurgitation (MR) is the most prevalent valvular heart disease globally. Mitral valve surgery is the gold-standard treatment 
for MR. However, a significant portion of patients with mitral valve disease are at high or prohibitive surgical risk. Transcatheter 
mitral valve replacement (TMVR) has emerged as a potential treatment option for this vulnerable population. Numerous TMVR 

devices are currently being investigated, with early data demonstrating feasibility and efficacy of TMVR. In this article, we explore the unique 
challenges of designing a TMVR system and describe the TMVR systems under clinical evaluation. 
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Transcatheter-based therapies have become central to the treatment of valvular heart disease, 

particularly aortic stenosis.1–5 The first transcatheter aortic valve replacement (TAVR) was 

performed in 2002 and, in two short decades, TAVR has become a mainstay for the treatment of 

aortic stenosis for all surgical risk categories.1,6–8 With the global success and adoption of TAVR, 

significant efforts have been made to develop a transcatheter mitral valve replacement (TMVR) 

system for mitral regurgitation (MR). 

MR is the most prevalent form of valvular heart disease worldwide.9,10 Approximately 10% 

of patients older than 75 years of age have at least moderate MR.9,10 Moreover, a longer life 

expectancy and a higher prevalence of ischaemic cardiomyopathy has led to a further increase in 

the prevalence of MR.11 Many of these patients are elderly with numerous comorbidities and are 

not ideal candidates for surgical mitral valve repair or replacement. This has created a large unmet 

need for an alternative, less invasive treatment option in patients who are at high or prohibitive 

surgical risk.12 Mitral transcatheter edge-to-edge repair (TEER) is currently utilized for patients at 

high surgical risk who remain symptomatic despite medical therapy. However, many patients are 

anatomically suboptimal for mitral TEER, including those with a mitral valve orifice area <4.0 cm2, 

an elevated mean transmitral pressure gradient, insufficient leaflet length, calcification in the 

grasping area, presence of a significant cleft and leaflet perforation.13,14

Treatment of MR depends on the aetiology of the MR. Primary or degenerative MR is a disease 

of the mitral valve apparatus and surgery is the gold-standard treatment.1 In patients at high or 

prohibitive surgical risk, TEER is also an approved therapy.1,13 In contrast, secondary or functional 

MR is a disease of the atria or ventricle, resulting in MR despite a structurally normal valve. The 

management of secondary MR is more complex, and guideline-directed medical therapy (GDMT) 

for heart failure and cardiac resynchronization therapy are the cornerstones of treatment.1 These 

therapies are aimed at treating the underlying pathology of cardiomyopathy and reversing adverse 

left ventricular remodelling. Surgical intervention for secondary MR does not improve clinical 

outcomes compared with medical therapy, and is limited to patients who have severe persistent 

symptoms despite optimal GDMT.1 Transcatheter mitral annuloplasty devices, including Cardioband 

(Edwards Lifesciences Corp., Irvine, CA, USA) and Carillon (Cardiac Dimensions, Inc., Kirkland, WA, 

USA) have been shown to effectively reduce secondary MR through annular reduction in feasibility 

studies, but the data are limited and these devices are not approved for commercial use in the 

USA.15–17 More recently, TEER has emerged as an effective therapy in patients with secondary 

MR based on the Cardiovascular outcomes assessment of the MitraClip percutaneous therapy 

for heart failure patients with functional mitral regurgitation (COAPT; ClinicalTrials.gov identifier: 

NCT01626079) trial.14 Treatment with TEER is a class 2a recommendation in society guidelines for 

patients who are symptomatic despite GDMT, while surgery is a class 2b recommendation.1

The objectives of this review are to provide an overview of the challenges of developing TMVR 

devices and to describe the characteristics of different TMVR devices under clinical evaluation and 

their main clinical results. 
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Technical challenges of transcatheter mitral 
valve replacement
In contrast to the aortic valve, the anatomy of the mitral valve is much 

more complex. The mitral valve consists of two asymmetric leaflets, a 

saddle-shaped annulus and a complex subvalvular apparatus including 

a network of chordae tendineae and papillary muscles.18 The mitral valve 

is located posteriorly to the aortic valve and separated anteriorly by 

the aorto-mitral continuity. Unlike the aortic annulus, the mitral annulus 

is dynamic and changes shape and size during the cardiac cycle. 

Furthermore, the mitral valve is affected by numerous heterogeneous 

disease processes, which affect the valve or surrounding structures 

differently and pose unique anatomic challenges and considerations 

when developing a TMVR system.19 Both the complex anatomy and 

heterogeneous valvular pathophysiology present significant challenges 

for valve delivery, positioning, anchoring and sealing.

The first technical challenge of a TMVR system is the location of the 

valve, which makes device delivery and positioning difficult.11 To deliver 

the valve transfemorally, transseptal access is needed. In order to orient 

the valve within the native mitral valve from the left atrium, the delivery 

system must be equipped with the ability to provide a high degree of 

flexion. This challenge is compounded by the need to deliver a much 

larger valve than an aortic valve, which makes the system bulky.11 A 

transapical approach overcomes this issue by providing a more direct 

route, but it is also more invasive. Experience with TAVRs has shown that 

a transapical approach is associated with substantially more morbidity 

and mortality than a transfemoral approach.20 Although patients treated 

by a transapical approach were higher-risk patients, the differences in 

clinical outcomes persisted in propensity-matched comparisons that 

account for differences in cardiovascular risk factors.20

The second challenge is the anchoring and sealing of the prosthetic 

valve. Unlike the aortic valve, which is roughly circular and static, the 

mitral valve is saddle shaped, with a dynamic annulus.11 Furthermore, a 

TAVR valve anchors itself in a rigid calcified annulus, but the mitral valve 

is generally less calcified, and poor anchoring of the delivered valve 

increases the risk for device migration or embolization.11 Additionally, the 

presence of significant or asymmetric mitral annular calcification (MAC) 

may result in poor sealing, leading to paravalvular leak, as well as device 

migration or embolization.21

Figure 1: Current transcatheter mitral valve replacement systems under clinical evaluation

A: AltaValve™ (4C Medical); B: Cephea (Abbott Vascular); C: Cardiovalve (Cardiovalve); D: EVOQUE (Edwards Lifesciences); E: HighLife™ (HighLife Medical); F: Intrepid™ 
(Medtronic); G: SAPIEN M3 (Edwards Lifesciences); H: Tendyne™ (Abbott Vascular). Reproduced with permission of the Journal of the American Heart Association, Inc., by Wiley.18
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Finally, the development of left ventricular outflow tract (LVOT) 

obstruction (LVOTO) following TMVR is a feared and potentially 

catastrophic complication. In a study by Yoon et al., 13.4% of patients 

who underwent TMVR developed LVOTO, and these patients had 

significantly higher procedural mortality compared with those without 

LVOTO (34.6% versus 2.4%; p<0.001).22 Several factors predict the risk 

for LVOTO, including aortomitral angle, septal hypertrophy, anterior 

mitral valve leaflet size and the shape of the left ventricle.21,22 Procedural 

risk factors include prosthesis positioning, inability to deploy the valve 

coaxially and device canting towards the LVOT.23 Computed tomography 

can be used to predict the risk of post-implant LVOTO by calculating the 

neo-LVOT, which is formed by the interventricular septum anteriorly and 

the displaced anterior mitral valve leaflet posteriorly. In the study by Yoon 

et al., a neo-LVOT ≤1.7 cm2 at end systole was considered high risk for the 

development of LVOTO.22

Over the past decade, various transapical and transseptal TMVR systems 

have been developed and investigated in early feasibility studies (Figure 1).18 

Differences in TMVR systems are shown in Table 1. Although a transseptal 

delivery system is more appealing, clinical experience with this approach is 

eminently restricted compared with transapical systems. In the USA, none 

of the TMVR devices has been approved for commercial use. 

Transapical transcatheter mitral valve 
replacement systems under investigation
AltaValve™
The AltaValve™ (4C Medical, Apple Grove, MN, USA) is unique in that 

it is a supra-annular system consisting of a 27-mm trileaflet bovine 

pericardial valve mounted into a self-expanding spherical nitinol frame. 

This frame self-anchors within the left atrium, with the valve sitting in a 

supra-annular position.24 A fabric skirt on the bottom of the frame at the 

level of the annular ring prevents paravalvular leaks. The unique position 

of the valve and frame minimizes the risk for LVOTO and embolization. 

This design overcomes the anatomical challenges of other TMVR 

systems, which frequently cannot be implanted owing to unsuitable 

anatomy. Successful first-in-human experience has been reported.18 

An early feasibility study (AltaValve early feasibility study protocol;  

ClinicalTrials.gov identifier: NCT03997305) is currently under way.25

Tendyne™
The Tendyne™ transcatheter mitral valve implantation system (Abbott 

Vascular, Santa Clara, CA, USA) includes a trileaflet pericardial valve in 

a dual-frame design with an anchoring system composed of an apical 

tether and pad.19 The outer frame is designed to conform to a wide 

range of mitral annular dimensions and provides a secure seal, while 

the inner frame houses the self-expanding valve. A left ventricular apical 

tethering system anchors the device. The device is fully repositionable 

and retrievable intraprocedurally.26

The Tendyne system was approved for commercial use in Europe 

in January 2020. The approval was based on a prospective,  

non-randomized, early feasibility study consisting of 100 patients with 

at least moderate-to-severe primary or secondary MR who were at 

high or prohibitive surgical risk.27 The mean age was 75.4 ± 8.1 years. 

The device was successfully implanted in 96% of patients. The 1-year 

survival was 72.4%, with 84.6% of deaths due to cardiac causes. At 1-year  

follow-up, there was significant clinical improvement, with 88.5% of 

patients reporting New York Heart Association (NYHA) class I or II 

symptoms and 73.4% of patients reporting ≥10-point improvement 

in Kansas City Cardiomyopathy Questionnaire (KCCQ) scores. After 

encountering six cases of valve thrombosis, the investigators 

implemented a protocol of warfarin with an international normalized 

ratio goal of 2.5–3.5 for at least 3 months.26 

The ongoing SUMMIT trial (Clinical trial to evaluate the safety and 

effectiveness of using the Tendyne mitral valve system for the treatment 

Table 1: Transcatheter mitral valve replacement device characteristics

  AltaValve™ Cardiovalve Cephea EVOQUE HighLife™ Intrepid™ Sapien M3 Tendyne™

Manufacturer 4C Medical Cardiovalve Abbott Vascular Edwards 

Lifesciences

HighLife Medical Medtronic Edwards 

Lifesciences

Abbott Vascular

Frame Self-expanding 

nitinol

Double frame, 

self-expanding 

nitinol

Double disk, 

self-expanding 

nitinol

Self-expanding 

nitinol

Self-expanding 

nitinol

Double stent, 

self-expanding 

nitinol

Nitinol dock 

system, balloon-

expandable 

cobalt–

chromium frame

Double frame, 

self-expanding 

nitinol

Leaflets Trileaflet bovine 

pericardium

Trileaflet bovine 

pericardium

Trileaflet bovine 

pericardium

Trileaflet bovine 

pericardium

Trileaflet bovine 

pericardium

Trileaflet bovine 

pericardium

Trileaflet bovine 

pericardium

Trileaflet bovine 

pericardium

Components 1 1 1 1 2 (ring and 

valve)

1 2 1

Anchoring 

mechanism

Spherical frame 

shape

Mitral valve 

leaflets/annulus

Mitral annulus Mitral valve 

leaflets/annulus

Subannular ring Radial force Subannular dock Apical tether

Access Transapical Transseptal Transseptal Transseptal Transseptal Transapical, 

transseptal

Transseptal Transapical

Delivery system 

size (Fr)

32 28 38 28 39 35 20 34

Valve size (mm) 27 3 sizes (range 

40–50)

32, 36, 40 44, 48 28 27 with 3 outer 

stent sizes (43, 

46 and 50)

29 13 outer frame 

size and 2 inner 

valve sizes (EOA 

2.2 cm2 or  

3.0 cm2)

EOA = effective orifice area.
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of symptomatic mitral regurgitation; ClinicalTrials.gov identifier: 

NCT03433274) is a randomized controlled trial comparing the Tendyne 

TMVR system to TEER with MitraClip (Abbott Vascular, Chicago, IL, USA) 

in patients with symptomatic severe MR.27 In addition, the safety and 

efficacy of the Tendyne system in patients with severe MAC who are at 

prohibitive surgical risk will also be evaluated. The primary outcome is 

survival free of heart failure hospitalization at 12 months.

Transseptal transcatheter mitral valve 
replacement systems under investigation
Cardiovalve
The Cardiovalve (Cardiovalve, Or Yehuda, Israel) is a self-expanding 

trileaflet bovine pericardial valve mounted in a dual nitinol frame.21 

The valve structure is modelled on an established surgical mitral valve, 

which has been adapted for TMVR. It is available in three sizes (range  

40–50 mm). The delivery system is low profile and utilizes a  

multi-steerable catheter for coaxial implantation. The valve is anchored 

into the mitral annulus with 24 grasping legs, which minimizes atrial 

protrusion, and its low profile reduces the risk of left ventricular 

interference.21 The AHEAD European (AHEAD: European feasibility 

study of the Cardiovalve transfemoral mitral valve system; ClinicalTrials.

gov identifier: NCT03339115) and AHEAD US (Cardiovalve transfemoral 

mitral valve system; ClinicalTrials.gov identifier: NCT03813524) trials 

will evaluate the safety and device performance of the Cardiovalve 

system.28,29 Data on the first five patients in the AHEAD European study 

were presented at the Transcatheter Cardiovascular Therapeutics (TCT) 

conference in 2018 (San Diego, CA, USA, 21–25 September 2018). There 

was 100% technical success, with no MR in 80% of patients and no 

LVOTO in any of the patients.30

Cephea
The Cephea TMVR system (Abbott Vascular, Chicago, IL, USA) consists 

of a self-expanding nitinol double-disk design with an outer ring that 

conforms to variable anatomy and an inner ring that houses a trileaflet 

bovine pericardial valve.31 It is available in three sizes (32, 36 and 40 mm). 

The device is both repositionable and recapturable. The valve anchors by 

axial compression forces in contrast to subvalvular anchoring systems. 

The low profile of the frame structure minimizes the risk for LVOTO. An 

early feasibility study included three patients at prohibitive surgical risk 

who underwent TMVR with the Cephea system. The valve was implanted 

successfully in all patients.32 Following implantation, all patients had, 

at most, mild MR and there was no clinically significant LVOTO.32 These 

haemodynamic parameters were maintained at 6 months, with mild 

paravalvular regurgitation in all patients. All patients reported NYHA class 

II symptoms and an improvement in KCCQ scores.31 To our knowledge, a 

total of seven patients have been treated with the device to date, and the 

results are awaited.

EVOQUE
The EVOQUE valve (Edwards Lifesciences, Irvine, CA, USA) is a trileaflet 

bovine pericardial valve on a nitinol frame with an intra-annular sealing 

skirt to decrease the risk of paravalvular leak.33 It is available in two sizes 

(44 mm and 48 mm). The delivery system is low profile to minimize 

ventricular projection and LVOTO, and allows for multiple planes of flexion 

and independent depth control. The first-in-human experience using the 

EVOQUE TMVR system included 14 patients with severe MR who were 

at high or prohibitive surgical risk.33 Technical success was achieved 

in 13/14 patients (92.9%), with one conversion to open surgery due to 

severe paravalvular leak. One patient developed LVOTO. At 30 days, 

13/14 patients were alive and one patient had died from pneumonia. MR 

was mild or less in all patients at 30 days, which included two patients 

who underwent paravalvular leak closure. The median KCCQ score 

improved by 22 points, and the majority of patients (81.8%) had NYHA 

class II symptoms or less compared with 35.7% at baseline.33 The ongoing 

MISCEND trial (Edwards EVOQUE Eos MISCEND study; ClinicalTrials.gov 

identifier: NCT02718001) will further investigate the safety and efficacy 

of the EVOQUE system.34

HighLife™
HighLife™ (HighLife Medical, Paris, France) is a two-component system 

that uses a ‘valve-in-ring’ concept, which theoretically reduces the risk 

for paravalvular leak and LVOTO.21 First, a subannular ring is implanted 

through a transarterial retrograde route. This ring acts as an anchor 

for the self-expanding trileaflet bovine pericardial valve. The valve is 

available in a single size (28 mm), but can accommodate an annular 

range of 32–48 mm. The valve is deployed transseptally and self-

centres within the subannular ring. The first-in-human experience was 

presented at the 2017 TCT conference and described 15 patients who 

underwent TMVR with HighLife.31 Successful implantation was achieved 

in 13/15 patients (87%) and two patients converted to surgery. MR 

was trace in all successful implantations. An early feasibility study is 

currently under way (HighLife™ transcatheter mitral valve replacement 

system study; ClinicalTrials.gov identifier: NCT02974881).36

Intrepid™
Intrepid™ TMVR (Medtronic Inc., Minneapolis, MN, USA) is a 27-mm 

trileaflet bovine pericardial valve in a self-expanding nitinol frame 

with a dual-structure design, consisting of an outer fixation ring to 

engage the mitral annulus and a circular inner stent frame to house 

the valve.37 The outer fixation ring comes in three sizes (43, 46 and  

50 mm) and is designed to accommodate the dynamic variability of 

the mitral annulus.19 It is delivered transapically or transseptally via a 

35-Fr sheath.

The Intrepid Global Pilot study enrolled 50 patients with severe MR at 

high or extreme surgical risk.38 The device was successfully implanted by 

transapical approach in 48/50 patients (96%). The 30-day mortality was 

14% and no patient required repeat intervention. At a median follow-up 

of about 6 months, there was mild or no residual MR in all patients and 

significant improvement in symptoms: 79% reported NYHA functional 

class I or II symptoms and there was significant improvement in the 

Minnesota Living with Heart Failure Questionnaire scores.38

The early feasibility study for the Intrepid TMVR system using a 

transseptal approach was recently published.39 This study enrolled  

15 patients with moderate-to-severe symptomatic MR at high surgical 

risk. The device was successfully implanted in 14/15 patients (93%) and 

one patient converted to surgery. At 30 days, there were no deaths, 

strokes or reinterventions. All implanted patients had trace or no residual 

MR and a mean gradient of 4.7 ± 1.8 mmHg.39

The APOLLO trial (Transcatheter mitral valve replacement with the 

Medtronic Intrepid™ TMVR system in patients with severe symptomatic 

mitral regurgitation; ClinicalTrials.gov identifier: NCT03242642) is an 

ongoing, large, prospective, non-randomized trial evaluating patients 

with severe MR treated with Intrepid TMVR.40 The study consists of two 

cohorts: the primary cohort includes patients with primary or secondary 

MR without MAC and the second cohort includes those with MAC. The 

primary outcome is all-cause mortality or heart failure hospitalization at 

30 days or KCCQ improvement <10 points.
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SAPIEN M3
The SAPIEN M3 (Edwards Lifesciences, Irvine, CA, USA) consists of a nitinol 

docking system with a 29-mm balloon-expandable bovine pericardial 

valve mounted on a cobalt–chromium stent frame. The valve is a modified 

SAPIEN 3 valve with an additional knitted polyethylene terephthalate 

skirt to aid sealing. Through a transseptal deflectable sheath placed 

in the left atrium, the docking system is advanced to the left ventricle 

and encircles the chordae tendineae. This dock facilitates anchoring of 

the valve, which is deployed inside the dock.41 The results of the first 10 

patients who received this valve have been published.41 The device was 

successfully implanted in 9/10 patients, with a reduction of MR severity 

to trivial in all patients and a mean transmitral gradient of 2.3 mmHg. At 

30 days, there was no stroke, myocardial infarction, device migration, 

embolization, LVOTO, rehospitalization or conversion to mitral surgery.40 

One patient had recurrent regurgitation due to a paravalvular leak, which 

was treated with a closure device. In a subsequent early feasibility trial, 

35 patients underwent TMVR, with an 88.6% technical success rate.42 The 

30-day survival rate was 97.1% and 87.9% had ≤1+ MR.42

Conclusion
TMVR is a promising alternative to surgical intervention for the 

treatment of severe MR, particularly in patients at high or prohibitive 

surgical risk. However, designing a widely applicable TMVR system 

is challenging owing to numerous anatomic, patient-specific and 

engineering-related considerations. As a result of these complexities 

and the heterogeneity of mitral valve disease, it is unclear whether 

there will be a universal TMVR system suitable for all patients, or if there 

will be multiple unique platforms from which the operator will select 

the best suited for each individual patient. In addition to procedural 

technicalities, deliberate planning with multimodality imaging and 

careful patient selection based on anatomic and clinical features will 

be critical in achieving success.1,11,22 Although many TMVR systems 

utilize a transapical approach, the transition of these systems to a 

transseptal delivery may be critical to their success. Initial experience 

with numerous TMVR systems has shown early promise, and through 

incremental improvements of newer-generation devices, TMVR will 

likely emerge as a real option to treat MR. q
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