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Abstract
Mitral regurgitation is the second most frequent heart valve disease in Europe and the most frequent in the 
US. Although surgery is the therapy of choice when intervention is indicated, transcatheter mitral valve 
repair or replacement are alternatives for patients who are not eligible for surgery. However, the develop-
ment of transcatheter mitral valves is slower than expected. Although several transcatheter heart valves 
have been developed, only one has been commercialised. Indeed, most of these devices are being evaluated 
in clinical studies, with promising initial results. In this review, we propose an overview on transcatheter 
mitral valve replacement for the treatment of native mitral valve disease, from indication to results, includ-
ing patients with severe annular calcification, and we provide you with a glimpse into the future of these 
therapies. 
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Abbreviations
ASA alcohol septal ablation 
CT computed tomography
DMR degenerative mitral regurgitation 
FMR functional mitral regurgitation 
LAMPOON  Laceration of the Anterior Mitral leaflet to Prevent 

Outflow ObtructioN
LVOT left ventricular outflow tract
MAC mitral annular calcification 
MR mitral regurgitation 
MV mitral valve
SAI subannular implant
SESAME Septal Scoring Along the Midline Endocardium
TAVI transcatheter aortic valve implantation
TOE transoesophageal echography
TEER transcatheter edge-to-edge repair 
THV transcatheter heart valve
TMVI transcatheter mitral valve implantation 
TR tricuspid regurgitation 

Introduction 
The development of percutaneous therapies during the last dec-
ade has revolutionised the treatment of valvular heart diseases. 
Nevertheless, the impact of these therapies on clinical practice is not 
equal for all valve diseases. While transcatheter aortic valve implan-
tation (TAVI) has become the preferred therapy for most patients 
with aortic stenosis1,2, transcatheter mitral valve implantation 
(TMVI) therapies have undergone a longer development process. 

Mitral regurgitation (MR) is the second most common heart 
valve disease in Europe3. Surgery has been shown to improve sur-
vival in patients with symptomatic MR1,2. However, up to 50% 
of patients with MR and an indication for intervention may not 
receive treatment because they are either not eligible for or refuse 
surgery3-5. Minimally invasive transcatheter repair techniques can 
bridge this gap with safe and effective interventions6,7 and prom-
ising outcomes, but edge-to-edge repair techniques are limited to 
suitable anatomies6,8,9. TMVI might serve as an alternative min-
imally invasive treatment option that overcomes the anatomical 
constraints of percutaneous repair. Furthermore, TMVI has the 
potential to treat mixed mitral valve (MV) disease10.

However, the development of transcatheter MVs is slower than 
anticipated. Multiple devices specifically designed for this pur-
pose are being evaluated in early feasibility studies as well as piv-
otal trials. Nonetheless, no dedicated device has been approved 
for commercial use in the US for the treatment of native MR 
and only one device, the Tendyne Transcatheter Mitral Valve 
Replacement (TMVR; Abbott Structural) system, has received 
a CE (European conformity) mark. Moreover, trials designated to 
evaluate the safety and efficacy of these dedicated devices face 
high rates of rejection11-13. Epidemiological, clinical, anatomical 
and device-related challenges have slowed down the development 
of TMVI compared to TAVI (Table 1)14. First, patients with MV 
disease are younger and have less comorbid conditions, resulting 

in a lower surgical risk than those with aortic stenosis3,15. Second, 
surgical MV repair is associated with better survival than replace-
ment, and a percutaneous option is commercially available and 
widely adopted in clinical practice1,2,16. Third, the anatomical and 
functional complexity of the MV and its relationship with cru-
cial adjacent structures pose a challenge for the development of 
TMVI technology17. Indeed, left ventricular outflow tract (LVOT) 
obstruction is a potential complication of TMVI, and it is associ-
ated with up to 50% mortality18. Fourth, the forces of valve migra-
tion are greater, and the mitral annulus is not circular and is larger 
and less frequently calcified than the aortic valve19. Whereas the 
fixation of aortic devices is passive and mainly assured by the 
radial force of the transcatheter heart valve (THV), mitral THVs 
require a mechanism of active fixation to counteract the forces of 
valve embolisation. Fifth, MV disease is more frequently associ-
ated with other heart valve diseases, particularly tricuspid regur-
gitation (TR)15 and atrial fibrillation. Lastly, both transseptal and 
transapical access are used for percutaneous mitral therapies, but 
most dedicated devices have been developed for the transapical 
route. This is because the size of the delivery system required 
limits the feasibility of the transseptal approach in certain cases. 
Additionally, the transapical route offers a more direct and coax-
ial access to the mitral valve, further favouring its use. However, 
experience from TAVI has shown an excess of mortality associated 
with the transapical approach, and this is higher in patients with 
left ventricular dysfunction20, which is common in patients with 
chronic MR. Similarly, superior survival was found in patients 
who underwent a mitral valve-in-valve procedure using transseptal 
access compared with transapical access in an analysis of patients 
enrolled in the Society of Thoracic Surgeons/American College of 
Cardiology Transcatheter Valve Therapy Registry21.

Among patients with native MV disease, patients with severe 
mitral annular calcification (MAC) pose a particular challenge. 
These patients are considered to be at high surgical risk, are fre-
quently denied surgery and are thus excluded from most studies 
evaluating new mitral THVs. They are also poor candidates for 
percutaneous mitral repair therapies due to the mixed MV disease 
found frequently in this subset. This unmet clinical need has been 
partially addressed by the use of aortic THVs. Indeed, while cal-
cification precludes the function of certain mechanisms of active 
fixation used in dedicated devices22, it might serve as an anchoring 
zone for balloon-expandable aortic THVs23.

In this review, we provide an overview of TMVI therapies for 
the treatment of native MV disease using both dedicated mitral 
devices as well as aortic devices. Additionally, we will provide 
a glimpse of what the future of this therapy may hold.

Anatomy, prevalence of disease and candidates 
for TMVI
The MV is a heterogenous apparatus located between the left ventri-
cle and the left atrium. It consists of several components including 
the mitral annulus, two unequally distributed leaflets with the ante-
rior leaflet larger than the posterior leaflet, a subvalvular apparatus 
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(including the papillary muscles and chordae), the left ventricle, and 
the left atrium17. All these components work together to facilitate the 
proper function of the MV, and any alteration to these components 
can result in MV disease (Figure 1). The mitral annulus is saddle-
shaped and multiplanar, and it has a contractile function that helps 
to ensure the proper coaptation of both leaflets24. Its dimensions 
change across the cardiac cycle, with a mean diameter >36 mm, 

which is larger than the aortic valve19. The circumflex artery and the 
coronary sinus are located close to the mitral annulus, and the MV is 
in direct proximity to the left ventricular outflow tract19 (Figure 1).

Mitral regurgitation is the second most common heart valve dis-
ease in Europe4,15. Its prevalence increases with age, with a preva-
lence rate of up to 9% in individuals >75 years old25. Currently, the 
most frequent aetiology of MR is degenerative3,15. There are 2 types 

Table 1. Challenges for the development of TMVI.

TMVI candidates TAVI candidates
Clinical and epidemiological factors
  Age Younger Older

  Comorbidities Less frequent More frequent

  Surgical risk Lower Higher

  Alternative to replacement Yes, repair (of choice) None

  Multiple valve disease Frequent (TR) Less frequent 

  Entities Two: FMR and DMR One: calcific AS

Anatomical factors

  Components of the valve Mitral valve, LV, LA, subvalvular apparatus Aortic valve

  Configuration of the valve Asymmetrical – 2 leaflets Symmetrical – 3 leaflets

  Morphology of annulus Saddle-shaped Circular

  Dimensions of annulus Larger Smaller

  Calcifications Less frequent Frequent

  Structures in proximity Circumflex artery, coronary sinus, LVOT Coronary arteries

 Components of the valve Mitral valve, LV, LA, subvalvular apparatus Aortic valve

Physiological factors
    Forces of valve embolisation High (systolic pressure gradient) Low (diastolic pressure gradient)

Device-related factors
   Mechanisms of fixation Active Passive

   Approach Mainly transapical Mainly transfemoral

   Rate of degeneration High Low

   Impact of paravalvular leak High Low

   Risk of valve thrombosis High Low

AS: aortic stenosis; DMR: degenerative mitral regurgitation; FMR: functional mitral regurgitation; LA: left atrium; LV: left ventricle; LVOT: left ventricular 
outflow tract; TAVI: transcatheter aortic valve implantation; TR: tricuspid regurgitation; TMVI: transcatheter mitral valve implantation

Figure 1. The mitral valve apparatus. The main components of the mitral valve apparatus and the anatomical relationships are shown. Note 
the close relationship between the mitral valve and the left ventricular outflow tract. Reproduced with permission from the Mayo Clinic. 
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of MR: degenerative (DMR) and functional (FMR). DMR results 
from the alteration of the MV itself (leaflets and/or chordae). FMR 
is due to left ventricle or left atrium dysfunction leading to annular 
dilatation, papillary muscle displacement and tethering of the leaf-
lets and, finally, a deficit of coaptation of both leaflets. Although 
MV repair is the therapy of choice in both cases when the indication 
of surgery is retained1,2, only approximately one-third of patients are 
finally operated on, and among them, one-third undergo surgical 
MV replacement3. These patients might be candidates for TMVI.

MAC is the deposit of calcium around the mitral annulus26, which 
typically occurs more frequently in the posterior aspect of the annu-
lus17 (Figure 2). It is noteworthy that only 1% of patients with MAC 
exhibit circumferential calcification of the annulus, making them 
eligible candidates for TMVI27. Severe MAC can lead to mitral ste-
nosis and/or regurgitation. While the diagnosis of mitral regurgi-
tation is essentially similar to patients with no calcification of the 
mitral annulus, the diagnosis of MAC-associated mitral stenosis can 
be challenging28. Indeed, the elevated transmitral gradient observed 
in these patients might be due to the loss of left atrium compliance 
(which occurs in patients with preserved left ventricular function 
heart failure − frequently observed in patients with MAC) and local 
acceleration forces without real mitral stenosis28.

The prevalence of severe calcification of the mitral annulus 
varies between 5-42%29 across studies, mainly depending on the 
population studied and the method used for the detection of calci-
fications. It is more commonly observed in elderly people29. 

Patients with MAC are generally poor candidates for surgery 
due to technical difficulties. Techniques used to overcome the chal-
lenges associated with severe MAC, such as decalcification, device 
implantation in an intra-atrial position or an extracardiac valved 
conduit are associated with a high risk of complications. Therefore, 
TMVI may be a good option for these patients. However, the rate of 
rejection due to anatomical constraints is high, and only a propor-
tion of these patients are ultimately eligible30.

Screening before TMVI
As stated before, the MV apparatus differs from the aortic valve. 
Likewise, screening, patient selection, and preprocedural planning 
for TMVI differ from those of TAVI. A multimodal combination of 
advanced imaging techniques, like echocardiography (transthoracic 

and transoesophageal) and 3-dimensional computed tomography 
(CT), is essential for the evaluation of patient eligibility.

From a clinical perspective, it is necessary to evaluate if patients 
are in a physical condition to tolerate an anterolateral minithora-
cotomy for transapical access and the risk of futility, since com-
mon advanced heart valve disease is observed in these patients. 
Furthermore, strict anticoagulation post-TMVI is required, pre-
cluding patients with absolute contraindications.

Echocardiography
Pivotal for the assessment of patients with suspected MR is tran-
sthoracic echocardiography complemented by 2-dimensional and 
3-dimensional transoesophageal echocardiography (TOE). This 
basic diagnostic tool allows for distinct quantification of the MR 
with different synergistic measurement techniques. In addition, 
the MV anatomy and pathology can be fully described, eluci-
dating the MR aetiology, which is crucial for further therapeutic 
considerations31. Besides these MV-specific assessments, a care-
ful evaluation of the anatomy of the entire heart is key for a suc-
cessful procedure. In particular, accurate characterisation of the 
left atrial and ventricular geometry, dimensions and function is 
crucial for the evaluation of TMVI eligibility, since ongoing tri-
als exclude patients with severely dilated ventricles and severely 
reduced function. Especially in patients with ischaemic cardio-
myopathy, analysis of the myocardial structure can reveal scars, 
which might limit transapical access if located unfavourably10,32.

Moreover, the relationship to the LVOT needs further examina-
tion33. Albeit precise anatomical assessment of the LVOT and sim-
ulation of the neo-LVOT post-TMVI is the domain of computed 
tomography, an evaluation of potential preprocedural dynamic 
obstructions of the LVOT, at rest and during a Valsalva manoeu-
vre, is recommended in echocardiography31.

Preprocedural risk assessment requires further assessment of 
right ventricular size and function as well as concomitant TR32. An 
echocardiographic estimation of pulmonary artery pressure should 
be verified and, in some patients, specified invasively.

Cardiac computed tomography 
Multimodal imaging is the cornerstone of successful TMVI plan-
ning. Although echocardiography remains pivotal in preprocedural 
assessment, periprocedural guidance and postprocedural follow-
up, additional computed tomography is absolutely essential for 
preprocedural planning. 

ASSESSMENT OF MV PROPERTIES
MV annular dimensions can be measured directly in a saddle-
shaped model as the MV area and circumference. Simplified, the 
mitral annulus can be esteemed to be “D-shaped” by excluding 
the anterior horn via a virtual straight line connecting the medial 
and lateral fibrous trigones (Figure 3A-Figure 3D)34. Despite the 
exact characterisation of the mitral annulus itself, a careful eval-
uation of the subvalvular apparatus of the MV is essential. The 
measurement of the papillary muscle to mitral annulus distance 

Figure 2. Multimodality imaging of mitral annular calcification. 
Transoesophageal (A) and computed tomography (B) images 
showing a severe mitral annular calcification. 
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is especially important for sufficient planning of prosthetic valve 
sizing and anchoring.

Precise evaluation of the amount and the distribution of mitral 
annular calcification is another advantage of the X-ray-based CT35 

(Figure 4A). Nonetheless, non-severe, particularly non-circumfer-
ential, MAC can result in poor device sealing causing paravalvular 
leakage − despite using dedicated devices − which is associated 
with poor outcomes33. Most unfavourably, device embolisation or 

Figure 3. Preprocedural assessment in CT for TMVI. Essential in the preprocedural TMVI planning is the assessment of the mitral valve 
geometry. Established parameters are the anterior-posterior (A) and lateral-medial diameters (B), the intertrigonal distance (C), as well as 
annular circumference and area (D) in systole and diastole. Quantification of the aortomitral angle is a basic instrument for the risk calculation 
of postinterventional LVOT obstruction (E). A virtual model of the heart and ribcage allows for the determination of the ideal intercostal space 
for transapical access (F). CT: computed tomography; LVOT: left ventricular outflow tract; TMVI: transcatheter mitral valve implantation

Figure 4. Preprocedural assessment in CT for ViMAC TMVI using aortic devices. The following parameters must be evaluated: the extension 
and severity of calcification (A), annulus dimensions (B), and the risk of LVOT (C,D,E). The dimensions of the neo-LVOT after simulation of 
the transcatheter heart valve is the most validated parameter for estimating the risk of LVOT obstruction. Note, despite a low risk of LVOT 
obstruction, this patient was denied therapy (TMVI using a SAPIEN 3 THV) due to the dimensions of the annulus. CT: computed tomography; 
LVOT: left ventricular outflow tract; MV: mitral valve; THV: transcatheter heart valve; TMVI: transcatheter mitral valve implantation; 
ViMAC: valve-in-MAC
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migration can also occur. Based on 72 patients undergoing TMVI 
from the MAC registry, a MAC score was derived incorporating 
information on average calcium thickness, degree of annular cir-
cumference involved, calcification at one or both fibrous trigones, 
and calcification of one or both leaflets. This score was proven 
to predict device embolisation during TMVI36 when using aortic 
THVs. Figure 4B show the analysis of dimensions of the mitral 
annulus in patients with MAC.

LVOT ASSESSMENT 
The spatial proximity of the MV to the LVOT, especially of the 
larger anterior MV leaflet, carries the danger of postinterven-
tional-relevant LVOT obstruction. According to the Mitral Valve 
Academic Research Consortium (MVARC) criteria, significant 
LVOT obstruction is defined as (1) acute, intraprocedural haemo-
dynamic deterioration after TMVI with evidence of displacement 
of the prosthetic valve or the native anterior MV leaflet obstruct-
ing the LVOT and (2) an increase in the mean LVOT gradient 
≥10 mmHg from baseline37.

Several anatomical factors might influence the risk of LVOT 
obstruction and need to be considered in preprocedural CT. An 
acute aortomitral angle is associated with a higher chance of 
LVOT obstruction (Figure 3E)38. Modern post-processing soft-
ware offers the opportunity to estimate the size of the neo-
LVOT, enabling a virtual simulation of the adequate prosthetic 
valve (type and size)39. Of note, the dimensions of the neo-LVOT 
are highly dependent on the size and the shape of the LV cav-
ity, which therefore needs a preprocedural evaluation. Albeit an 
end-systolic neo-LVOT area ≤1.7 cm² was shown to be high risk 
for relevant LVOT obstruction33, a novel multiphase assessment 
throughout the cardiac cycle indicates that a single cut-off might 
be too conservative40.

As the neo-LVOT is circumscribed by the interventricular sep-
tum anteriorly and by the displaced anterior MV leaflet posteri-
orly, the extent of septal hypertrophy and the magnitude of the 
anterior MV leaflet need to be assessed.

For the assessment of the risk of LVOT obstruction when 
using the SAPIEN 3 (Edwards Lifesciences) THV, the concept of 
“skirt neo-LVOT” has been developed. It is defined as the neo-
LVOT obtained at the level of the THV skirt, since the skirt-cov-
ered part of the prosthesis may contribute to the risk of LVOT 
obstruction in patients in whom the anterior leaflet is removed or 
split. Figure 4C, Figure 4D and Figure 4F show the preprocedural 
assessment of LVOT obstruction in patients with MAC.

ACCESS PLANNING
Many different technologies for TMVI are currently under inves-
tigation10. Transseptal and transapical access are the two most fre-
quent approaches. In both cases, precise preprocedural CT-based 
planning would enable and optimise a safe and successful proce-
dure. Even though transseptal access is guided by periprocedural 
transoesophageal echocardiography, preprocedural planning of 
the location of the transseptal puncture on anatomical landmarks 

could optimise angles, achieving a perpendicular coaxial trajec-
tory for optimal axial TMVI device deployment30,41. Furthermore, 
positional relationships to important surrounding structures can 
be evaluated. Hereby, serious complications like obstruction or 
even violation of the coronary sinus and left circumflex artery 
could effectively be avoided42,43. Additionally, a CT body scan 
allows for the evaluation of the patency of transfemoral access.

For transapical access, the above-mentioned principal considera-
tions regarding optimal coaxial trajectory can be adopted. Modern 
post-processing software allows for the generation of a virtual model 
of the heart and ribcage to evaluate the best placed intercostal space 
for transapical access, ensuring a straight trajectory, coaxial depo-
sition and anchoring in the mitral annulus centroid (Figure 3F). In 
the absence of apical left ventricular abnormalities, the ideal access 
point is commonly anterior or anterolateral of the true left ventricu-
lar apex incorporating an offset from the mitral annulus coaxial tra-
jectory. Most often, this access point is located in the left-sided fifth 
intercostal space41. Further evaluation of epicardial coronaries and 
the subvalvular MV apparatus with its papillary muscles and chor-
dae would help to anticipate and prevent possible complications44.

Indications for TMVI
Indications for TMVI depend on the type of MR and the presence 
of MAC. 

1. DMR
Since long-term outcomes after surgical MV repair of DMR are 
excellent45,46, the 2020 American and 2021 European Guidelines rec-
ommend heart surgery as the reference standard in patients at low to 
intermediate risk1,2. Transcatheter approaches are reserved for high-
risk patients with reasonable life expectancy, favouring repair tech-
niques1,2. In the context of DMR, TMVI can be considered for high-risk 
patients with an unfavourable anatomy for transcatheter MV repair. 

2. FMR
In this predominantly high-risk population, surgical approaches 
often lead to suboptimal results and increased mortality47. 
Therefore, current guidelines recommend MV surgery for FMR 
only in cases with concomitant indication for coronary artery 
bypass grafting1,2, and MV repair is favoured over MV replace-
ment. Since no device is currently approved, no specific recom-
mendations are available regarding TMVI in this clinical scenario. 
Nonetheless, it can be considered for patients with an unfavour-
able anatomy for transcatheter MV repair in clinical trials. 

3. MAC 
No specific recommendations are given in the latest guidelines 
regarding patients with MAC1,2. In clinical practice, both patients 
with MR and those with symptomatic mitral stenosis may be can-
didates for TMVI if they are anatomically eligible and are consid-
ered at high surgical risk. 

Given the simpler screening process, the availability of com-
mercial devices, the potentially lower costs but also the more 
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straightforward postprocedural management, TEER is often con-
sidered to be the default approach for transcatheter mitral valve 
therapies, whereas TMVI seems to be reserved for those patients 
who are unsuitable for TEER. Needless to say, TMVI has the 
potential to offer greater and more reproducible MR reduction 
and to also potentially treat stenosis. As such, a pre-existing gra-
dient across the mitral valve, small mitral valve area, previous 
mitral valve annuloplasty and/or calcifications are features that 
are more suitable for TMVI48. Other features that favour TMVI 
include those indicating inadequate MR reduction with TEER, 
such as short posterior leaflet, complex Barlow’s disease, multi-
segmental pathologies, significant leaflet tethering, leaflet clefts 
or indentations, leaflet perforation, and large coaptation defects48. 
The Heart Valve Collaboratory has published definitions of ana-
tomical features that are considered not suitable for TEER49. 

The main anatomical features causing screening failure for 
TMVI can be divided into two categories12:

1. Those causing left ventricular outflow tract obstruction 
(LVOTO) (anticipated neo-LVOT area under 1.7 cm2), septal 
hypertrophy (>15 mm thickness), long (>25 mm) anterior MV 
leaflet with redundant chordae, small LV (end-diastolic diameter 

<48 mm), narrow aorto-mitral annular angle, and preserved ejec-
tion fraction;

2. Those causing poor device sealing, leading to paravalvular 
leakage (PVL), device migration or embolisation (moderate and 
non-circumferential MAC).

In addition to morphological considerations, left ventricular 
function (potentially higher risk for TMVI than TEER in patients 
with a severely reduced LV function), the need for oral antico-
agulation post-TMVI and the durability of bioprostheses in the 
mitral position should also be taken into account when deciding 
on TMVI versus TEER. However, these aspects are still debated, 
and evidence or robust recommendations remain scarce.

Lastly, surgical mitral valve repair is preferred to replacement 
when results are expected to be durable, as the first is associated 
with better survival1,2,50. Nonetheless, it has not been demonstrated 
for percutaneous therapies. In the CHOICE-MI registry, TMVI 
was associated with superior reduction of MR and more pro-
nounced symptomatic improvement compared to TEER. However, 
periprocedural mortality was higher51. Ongoing studies comparing 
TEER versus TMVI will shed light on this question. Figure 5 sug-
gests a decision algorithm for TMVI versus TEER.

N Y

Severe mitral regurgitation at high surgical risk

TEER challenging or impossible?

TEER

TEER challenging
– Small mitral valve area 3.0-3.5 cm2

– Commissural lesion
– Short posterior leaflet 5-7 mm
– Annular calcification/annuloplasty
– Leaflet cleft/indentation
– Excessive Barlow's disease
– Fibrotic leaflet

TEER hard or impossible
– Small mitral valve area <3.0 cm2

– Mean gradient >5 mmHg
– Short posterior leaflet <5 mm
– Calcification/concentric MAC
– Leaflet perforation
– Multisegment lesions
– Rheumatic mitral stenosis

N Y

TMVI Heart Team reassessment

TMVI not suitable?
Criteria of challenges with TMVI

– Moderate and non-circumferential MAC
– Small LV (LVEDD <48 mm)
– Severly impaired LV function
– Anticipated neo-LVOT area <1.7 cm²
– Septal hypertrophy (>15 mm)
– Long (>25 mm) anterior MV leaflet
– Narrow aorto-mitral angle

TEER challenging
Centre with high level of experience

Need of concomitant intervention
Non-prohibitive surgical risk

Experience with and access to ASA/
LAMPOON, next-gen TMVI devices

TEER/TMVI impossible
Prohibitive surgical risk

Bailout TEER High-risk surgery Facilitated/next-gen TMVI Medical therapy

Y Y maybe Y

Figure 5. Proposed algorithm for the decision of TMVI versus TEER. ASA: alcohol septal ablation; gen: generation; LAMPOON: Laceration of 
the Anterior Mitral leaflet to Prevent Outflow ObtructioN; LVEDD: left ventricular end-diastolic diameter; LVOT: left ventricular outflow tract; 
MAC: mitral annular calcification; MV: mitral valve; TEER: transcatheter edge-to-edge repair; TMVI: transcatheter mitral valve implantation
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Devices and procedures 
DEDICATED DEVICES
TMVI is most commonly performed with either transseptal 
or transapical access. In broad terms, these procedures can be 
grouped into either single- or multistep approaches. In the latter 
method, first, an anchoring member is placed, followed by inser-
tion of the valve prosthesis. Examples of single-step devices are 
the Intrepid (Medtronic), Tendyne (Abbott Structural), EVOQUE 
Eos (Edwards Lifesciences), AltaValve (4C Medical), CardioValve 
(Venus MedTech), and Cephea (Abbott Structural). For multi-
step devices, examples include the HighLife (HighLife SAS), 
SAPIEN M3 (Edwards Lifesciences) and Saturn (InnovHeart). 
Table 2 summarises the device-specific characteristics. While 

direct comparisons of these methods have not been performed, the 
multistep approach generally allows for the use of lower profile 
systems.

TRANSAPICAL
Currently, the most common approach for TMVI procedures is 
transapical (or transventricular), as this mode permits the place-
ment of large delivery systems (e.g., ~35 Fr or larger). While an 
analogy to transapical TAVR can be easily assumed, transapical 
TMVI is wholly different with respect to tissue quality and punc-
ture location. For patients undergoing TMVI, the myocardium 
is relatively thinner owing to the lack of pressure hypertrophy 
and the frequent presence of dilated cardiomyopathy. As stated 

Table 2. Device-specific characteristics.  

Device Access Sheath Design Shape Size Anchoring Active studies

Single-step devices

Tendyne 
(Abbott 
Structural)

Transapical 38 Fr Self-expanding 
nitinol double frame
Trileaflet porcine

D-shape External frame: 
35-40 mm in 
the SL 
dimension and 
34-50 mm in 
the IC dimension 

Apical tether NCT03433274
NCT04898335
NCT04818502
NCT02321514

Intrepid 
(Medtronic)

Transapical 
Transseptal

35 Fr Self-expanding 
nitinol double frame
Trileaflet bovine

Circular 27 mm
Outer frame 
sizes: 43, 46, 
50 mm

Annular anchoring 
by cleats, radial 
force

NCT05496998
NCT03242642

AltaValve (4C 
Medical)

Transapical 
Transseptal

32 Fr Self-expanding 
nitinol spherical 
frame
Trileaflet bovine

Circular 27 mm
Annular ring 
sizes: 40, 46, 
54

Left atrium 
anchoring 
(oversized nitinol 
frame)

NCT03997305

CardioValve 
(Venus 
MedTech)

Transseptal 28 Fr Dual self-expanding 
nitinol frame
Trileaflet bovine

Circular 36-53 mm Atrial flanges, 
annular anchoring

NCT03813524
NCT03339115
NCT05486832
NCT03958773
NCT04100720

Cephea (Abbott 
Structural)

Transseptal 36-38 Fr Self-expanding 
nitinol, double-disc 
frame
Trileaflet bovine

Circular 36 mm Annular anchoring 
(axial compression 
forces)

NCT05061004

EVOQUE Eos 
(Edwards 
Lifesciences)

Transseptal 28 Fr Self-expanding 
nitinol frame
Trileaflet bovine

Circular 44-48 mm Annulus, leaflet 
and chord 
anchoring by 
multiple anchors

NCT02718001
NCT03230747

Multistep devices

HighLife 
(HighLife SAS)

Transapical 
Transseptal
Transfemoral

18 Fr and 
39 Fr

Self-expanding 
nitinol stent frame
Subannular ring
Trileaflet bovine

Circular 28 mm, 31 mm Atrial and 
ventricular flanges, 
subannular ring

NCT02974881
NCT04029337
NCT04029363
NCT04888247
NCT05610566

SAPIEN M3 
(Edwards 
Lifesciences)

Transseptal 20 Fr Nitinol dock
balloon-expandable 
cobalt-chromium 
alloy
Trileaflet bovine 

Circular 29 mm Docking, radial 
force 

NCT04153292

Saturn 
(InnovHeart)

Transapical 
Transseptal

10 Fr Self-expanding 
nitinol stent frame
Trileaflet bovine
Annular structure

Circular 28 mm
Broad range of 
annulus sizes

Subannular ring NCT04464876

IC: intercommissural SL: septo-lateral 
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before, particular care is needed for determining the access loca-
tion from both preoperative contrast-enhanced cardiac CT imag-
ing and intraprocedural TOE. Using the proper access site helps 
to avoid entanglement with cords and papillary muscle interac-
tions, and, in some technologies (e.g., Tendyne), allows for the 
optimal fixation of the final orientation of TMVI device. The 

fixation of the final orientation is particularly important to help 
ensure prosthetic sealing within the native anatomy and minimise 
the risk of paravalvular regurgitation. Tendyne (Figure 6A) and 
Intrepid (Figure 6B) are the two most common TMVI platforms 
that currently use transapical access. A transfemoral system has 
been developed for Intrepid and has been used with success, 

Figure 6. Mitral transcatheter heart valves. A) Tendyne. B) Intrepid TMVR system. C) SAPIEN M3 transseptal TMVR system. D) Cephea. 
E) CardioValve. F) EVOQUE Eos. G) AltaValve. H) HighLife. I) Saturn THV system. THV: transcatheter heart valve; TMVR: transmitral 
valve replacement 
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although the early-generation device required a transapical deliv-
ery system52-54.

Using the preprocedural CT, a left anterolateral thoracotomy in 
the appropriate rib space is performed, followed by biplane TOE 
imaging to determine an access site that is orthogonal to the commis-
sural and anteroposterior planes. Following placement of pledgeted 
sutures, an 18 gauge access needle is used to place a 6-8 Fr sheath, 
followed by retrograde wiring of the MV with a 0.035” guidewire. 
A balloon catheter is used to floss the valve to confirm no chordal 
crossing. For Tendyne cases, the delivery system is inserted over the 
wire, de-aired, passed to the left atrium, and rotated while the atrial 
portion is being extruded into the correct anatomical orientation. The 
valve is then seated intra-annularly without the need for rapid pac-
ing. The prosthesis is secured in a stable position using a braided, 
high-molecular-weight polyethylene tether, which is attached to an 
epicardial pad and adjusted to optimise seating of the prosthesis for 
MR reduction and to minimise the risk of device displacement. For 
Intrepid cases, the Intrepid delivery catheter is advanced into the 
left atrium, with exposure of a circular atrial brim using a hydraulic 
delivery mechanism. Under TOE imaging, the brim is aligned and 
retracted to the native valve, using a short run of rapid ventricu-
lar pacing during deployment. A number of other TMVI platforms 
(e.g., AltaValve) have also been deployed with transapical delivery, 
with similar approaches used with regard to orthogonal access.

TRANSSEPTAL
For transseptal TMVI, there is no defined cut-off for use of per-
cutaneous access, though surgical cut-downs are still commonly 
performed, as most platforms are currently >30 Fr. For transseptal 
puncture access, the mitral height requirements and location of the 
puncture is device-specific, with posterior access of >3.5-4.0 cm 
being most common. The following are some of the most com-
mon examples with human experience and are representative of 
the field of transseptal TMVI.
Intrepid
The transseptal Intrepid system utilises the same valve as is 
employed for transapical approaches, mounted on a delivery sys-
tem that is currently ~35 Fr. Either a straight or curved sheath 
is used to position the Intrepid valve in the left atrium, followed 
by steering to the MV with control knobs, without the need for 
a guidewire. Similar to the transapical approach, the atrial brim 
is exposed, followed by use of a hydraulic system to deploy the 
prosthesis under rapid ventricular pacing. Due to its circular con-
figuration, there is no need to rotate the prosthesis for anatomical 
alignment. The prosthesis anchors with multiple small cleats and 
a cork-like effect in the MV apparatus. 
SAPIEN M3
The SAPIEN M3 comprises a nitinol dock to provide anchor-
ing for a balloon-expandable THV, similar to the SAPIEN 3, with 
some modifications including a skirt that covers the entire frame 
to decrease paravalvular leakage (Figure 6C). The SAPIEN M3 
platform is a 2-step approach, in which a subvalvular “dock” is 
first placed in the left ventricle by encircling the MV chordae and 

leaflets. The anchoring member is placed through the same trans-
septal access for prosthesis delivery, which is, notably, a relatively 
low-profile 20 Fr system. The left ventricle is entered at the site of 
the medial commissure, using the back flexion and the curve of the 
delivery catheter, followed by passage of the anchor member coun-
terclockwise several times in the surgeon’s view of the MV to place 
the dock. TOE confirmation of passage around the mitral leaflets in 
multiple views is essential. A 29 mm prosthesis that shares similari-
ties to the TAVI prosthesis is then passed antegrade and seated within 
the dock in the MV apparatus using rapid ventricular pacing for 
deployment, similar to a transseptal mitral valve-in-valve procedure.
Cephea
The Cephea prosthesis is placed into the left atrium using a rela-
tively superior and short transseptal height, steered towards the 
MV, and passed over a wire into the left ventricle, followed by 
extrusion of the ventricular portion of the prosthesis (Figure 6D). 
Posterior torque is then applied to the catheter to gain height on 
the delivery system and move the prosthesis to the mitral annulus, 
followed by extrusion of the atrial portion. 
CardioValve
The CardioValve system (Figure 6E) is delivered by the transseptal 
approach using a 28 Fr multisteerable catheter in a 3-step proce-
dure. First, the mitral inflow portion is unsheathed, and the mitral 
leaflets and subvalvular apparatus are grasped. Then, the atrial 
flange is exposed, and the device is released. 
EVOQUE Eos
The EVOQUE Eos MV is delivered via a 28 Fr system following 
placement of a Safari wire in the left ventricle via transseptal access 
(Figure 6F). Control knobs are used to steer the valve to the left 
ventricle, followed by deployment of a control capsule that holds 
the ventricular outflow portion. Depth control allows movement of 
ventricular anchors without loss of coaxiality, leading to engage-
ment of the leaflets and subvalvular apparatus, with confirmation on 
TOE. The atrial inflow portion with a sealing skirt is then released. 
AltaValve
The AltaValve (4C Medical) prosthesis is a low-profile system, 
where the mitral inflow portion protrudes minimally (<15 mm) into 
the left ventricle and orients parallel to the outflow tract (Figure 6G). 
Anchoring is achieved by a nitinol frame that is oversized relative 
to the left atrium. Placement can be performed via transapical and 
transseptal approaches. For the latter, the valve is steered towards 
the native MV and the mitral inflow portion is unsheathed, followed 
by the use of a positioner catheter to centre the prosthesis in the 
native MV as the atrial supporting frame is exposed. The entire sys-
tem is fully retrievable after full deployment.
HighLife
The HighLife (HighLife SAS) system is also a 2-step approach, in 
which the anchoring member is placed using an 18 Fr guide cathe-
ter placed retroaortic (Figure 6H). The encircling of the MV is first 
performed with a low-profile guidewire that is passed clockwise 
around the MV, once in the surgeon’s view, followed by inser-
tion of the subannular implant (SAI) ring. During deployment of 
the SAI, retraction is performed (i.e., cinching) to confirm capture 
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of the mitral leaflets and chords with TOE imaging. Transseptal 
puncture is then performed. A 28 mm prothesis is placed ante-
grade, with extrusion of the left ventricular portion distal to the 
SAI, followed by retraction and exposure of the atrial portion.
Saturn
The Saturn system is a multistep device including a subannular 
ring and a trileaflet bovine valve (Figure 6I).

AORTIC THV
Aortic devices are used for TMVI for the treatment of patients 
with severe MAC. The SAPIEN 3 THV is the most used device. 
Three approaches are mainly used: transapical, transseptal and 
transatrial. Albeit the transapical access used to be the most fre-
quently used, the transseptal route is gaining popularity and has 
become the preferred access route30. While the procedure is essen-
tially similar to valve-in-valve and valve-in-ring TMVI, TOE 
plays a more important role in the positioning of the prosthesis55. 
Transatrial access may be proposed in operable patients. By allow-
ing the resection of the anterior leaflet and an active fixation of 
the THV by sutures, this route may be particularly attractive for 
patients at risk for LVOT obstruction and those with incomplete 
calcification of the mitral annulus56. Of note, when crimping the 
THV, the orientation of the THV varies according to the selected 
access. 

CONCOMITANT PROCEDURES
One of the most common exclusion criteria for TMVI candidacy is 
the risk of LVOT obstruction. Methods to reduce this risk include 
septal reduction strategies such as pre-emptive alcohol septal abla-
tion (ASA), pre-emptive radiofrequency ablation, and SESAME 
(Septal Scoring Along the Midline Endocardium), or leaflet lac-
eration strategies such as LAMPOON (Laceration of the Anterior 
Mitral leaflet to Prevent Outflow ObstructioN). In choosing the 
method to address LVOT obstruction or its potential obstruction, 
it is important to note the differences in TMVI designs, as leaflet 
modification techniques will be relatively less effective for fully 
covered frames. 

For ASA, the procedure is as conventionally performed for 
the treatment of patients with obstructive hypertrophic cardio-
myopathy, but the dose of alcohol is considerably lower owing 
to the absence of myocardial hypertrophy. Typical doses are 0.5 
to 1.0 ml. Very slow injections (e.g., >3 to 5 min) are especially 
advised with a normal thickness of the myocardium in order to 
reduce risk of spillage through septal collaterals into the left ven-
tricular cavity. Significant time, approximately 1 month, is required 
to fully assess the effect on LVOT anatomy, and the remodelling 
response can be variable. Of note, if performed after TMVI place-
ment, LVOT obstruction can acutely worsen with ASA because 
of myocardial oedema. Wang and colleagues investigated the use 
of alcohol septal ablation to prevent LVOT obstruction in patients 
undergoing valve-in-MAC (ViMAC) procedures. The procedure 
resulted in a significant increase in the predicted neo-LVOT area 
but was associated with 10% mortality at 30-day follow-up57. This 

study collected early experience, and outcomes have improved. 
A contemporary single-centre study that analysed the outcomes of 
patients undergoing pre-emptive alcohol septal ablation to reduce 
the risk of TMVI-induced LVOTO compared with patients who 
received alcohol ablation to treat hypertrophic obstructive cardio-
myopathy found zero mortality at 30 days in the TMVI group58.

For the leaflet modification technique, LAMPOON with either an 
antegrade or retrograde approach can be performed pre-emptively or, 
in some cases, after TMVI implantation. The approaches are similar 
to what have been used for mitral valve-in-valve and valve-in-ring 
therapies. For TMVI in native valves, preservation of leaflet tissue 
carries a relatively higher importance for the sealing of the prosthesis 
to minimise the risk of paravalvular regurgitation.  

In a case series including 21 patients with LAMPOON dur-
ing valve-in-valve or valve-in-ring TMVI, all patients survived to 
30 days, and none of them had significant LVOT obstruction at dis-
charge59.

SESAME is a newly described technique in which a coronary 
catheter and guidewire are used to mechanically enter the basal inter-
ventricular septum and traverse the myocardium to a mid-ventricular 
exit point. The wire is snared and exchanged for a wire that is ener-
gised and used to perform a myotomy. Preclinical data have shown 
promising results60.

Results
DEDICATED DEVICES
For the purposes of this review, we have summarised the pub-
lished results on dedicated devices that are already being eval-
uated in pivotal trials. These are the Tendyne MV system, the 
Intrepid TMVI system and the SAPIEN M3 system. Regarding 
aortic devices, we report the results of the main registries. 
Tendyne Mitral Valve system
The Tendyne Mitral Valve was the first transcatheter MV implanted 
in humans61, and is the device with most data available. It obtained 
the CE mark on 30 January 2020.

The Global Feasibility Trial (Expanded Clinical Study of the 
Tendyne Mitral Valve System; ClinicalTrials.gov: NCT02321514) 
enrolled symptomatic patients with primary or secondary mitral 
regurgitation who were at high or prohibitive surgical risk. The 
primary performance endpoint was reduction of MR to ≤2+ at 
1 month post-procedure. The primary safety endpoint was evalu-
ated at 30 days and was a composite of device success and freedom 
from cardiovascular death, reintervention for valve-related dysfunc-
tion, disabling stroke, myocardial infarction, life-threatening bleed-
ing, major vascular complications, renal failure requiring dialysis, 
and other device- or procedure-related serious adverse events. The 
results observe in the first 100 patients treated were favourable, with 
an observed 30-day all-cause mortality of 6%, which was lower 
than that predicted by the Society of Thoracic Surgeons (STS) score 
of 7.8±5.7%. The mean age was 75.4±8.1 years, and 31% were 
women. Technical success was achieved in 96% of the patients, who 
all met the primary performance endpoint of ≤2+ MR at 1 month 
(98.8% none or trivial MR and 1.2% 1+ MR)62. The improvement 
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in MR reduction remained stable, with 98.5% having none or trivial 
MR at 1 year and 93.2% at 2 years63. The Kaplan-Meier estimate of 
all-cause mortality at 1 year was 27% and 41.6% at 2 years. There 
was significant improvement of symptoms which was sustained 
at 2 years, 66% of patients were in New York Heart Assocation 
(NYHA) Class III or IV at baseline, and 81.6% were in NYHA 
Functional Class I or II at 2 years (p<0.0001). Similarly, there was 
a significant increase in quality-of-life scores, the overall Kansas 
City Cardiomyopathy Questionnaire (KCCQ) score increased from 
49.0±22.8 at baseline to 67.2±26.2 at 2 years (p<0.0001). In addi-
tion, the annualised heart failure hospitalisation rate decreased from 
1.3 to 0.51 (p<0.0001)63.

The early experience with Tendyne in mitral annular calcifi-
cation has also been favourable. In the initial report of the first 
9 patients treated (8 with compassionate use) − the mean age 
was 77±6 years (44% women), and the mean STS score was 
7.4±3.6% − all-cause mortality at 30 days was zero. Technical 
success was achieved in 8 patients (89%). One patient developed 
LVOT obstruction due to the inadvertent rotation of a standard 
profile prosthesis, which was only recognised after surgical clo-
sure of the transapical access. This event was successfully treated 
with alcohol septal ablation. There was no residual MR in any 
patient64. Given these encouraging results, an MAC feasibility trial 
(n=11; Feasibility Study of the Tendyne Mitral Valve System in 
Mitral Annular Calcification; ClinicalTrials.gov: NCT03539458) 
was initiated. A subsequent publication summarising the 1-year 
outcomes of 20 patients treated either as compassionate use 
(n=9) or within the MAC feasibility trial, reports elimination of 
MR in all patients. The mean age was 78±6 years, and 45% were 
women. The STS score in patients treated in the MAC feasibil-
ity trial was 9.0±8.1%, whereas it was 7.0±3.5% in the compas-
sionate-use group. The 1-year mortality was 40% (20% cardiac). 
This is higher than the 27% mortality observed in non-calcified 
valves but similar to the 39.9% 1-year mortality reported in the 
Mitral Implantation of TRAnscatheter vaLves (MITRAL) Early 
Feasibility Trial evaluating valve-in-MAC using aortic THVs 
(ClinicalTrials.gov: NCT02370511)65. Among the 12 survivors at 
1 year, 92% were in NYHA Class I or II, and 80% were in NYHA 
III or IV prior to the procedure. Paired analysis of KCCQ scores 
was available for 7 survivors. Among these, the mean improve-
ment in KCCQ score was 29.9±26.3 with an increase ≥10 points 
in 5 (71.4%) patients.

Considering the favourable outcomes in selected MAC patients 
and the need to develop a treatment option for these high-risk 
patients, an arm with 103 MAC patients was added to the pro-
spective SUMMIT pivotal trial (Clinical Trial to Evaluate the 
Safety and Effectiveness of Using the Tendyne Mitral Valve 
System for the Treatment of Symptomatic MITral Regurgitation; 
ClinicalTrials.gov: NCT03433274). The SUMMIT trial is the 
only pivotal trial evaluating mitral transcatheter valves that has 
a randomised arm against transcatheter edge-to-edge repair with 
MitraClip for patients who have favourable anatomy for either 
TEER or TMVI with Tendyne (n=382). In addition, it has a TMVI 

with Tendyne arm for patients who do not have favourable anat-
omy for TEER (n=313) or the MAC arm (n=103) mentioned 
above. Enrolment was completed in 2023.
Intrepid
In the initial report of the first 50 consecutive patients treated, 
the device was successfully implanted in 48 (96%). The mean 
age was 73±9 years, and 32% were women. They had multiple 
comorbidities, the STS score was 6.4±5.5%, and most (86%) 
were in NYHA Class III or IV at baseline. Among patients 
who received the implant, MR was mild or absent at 30 days 
in all patients. At 30 days, 79% were in NYHA Class I or 
II, and significant improvements in Minnesota Living With 
Heart Failure (MLWHF) Questionnaire scores (56.2±26.8 vs 
31.7±22.1; p=0.011) were observed. Thirty-day mortality was 
14%, and Kaplan-Meier analysis estimated survival at 1 year 
was 76.5%53.

The transfemoral Intrepid EFS trial (TMVR Pilot Study & 
EFS of the TMVR Transseptal System; ClinicalTrials.gov: 
NCT02322840) collects outcomes of patients treated with the 
transfemoral device. In the initial report describing outcomes 
of the first 15 patients treated with the transfemoral/transseptal 
Intrepid system (mean age 80 years, STS score 4.7% and 23% 
female), 14 underwent successful implantation. One patient had 
conversion to sternotomy due to valve migration during the 
index procedure. All implanted patients had trace or no MR, 
and the mean gradient was 4.7±1.8 mmHg at 30 days. Patients 
experienced an improvement of symptoms, 67% were in NYHA 
Class III or IV at baseline, and 86% were in NYHA Class I 
or II at 30 days. There was improvement in KCCQ scores of 
at least 10 points in 46%, and 39% of patients demonstrated 
an improvement in the MLWHF questionnaire (defined as a 
decrease >5 points). The 30-day 6-minute walk test data dem-
onstrated a 50-metre improvement in the median metres walked. 
There were no deaths at 30 days54.

The APOLLO trial (Transcatheter Mitral Valve Replacement 
With the Medtronic Intrepid TMVI System in Patients With 
Severe Symptomatic Mitral Regurgitation; ClinicalTrials.gov: 
NCT03242642) is a pivotal trial evaluating the transapical Intrepid 
TMVI system in patients with symptomatic primary or secondary 
MR who are not candidates for approved transcatheter or surgi-
cal MV intervention. It used to have a randomised arm comparing 
TMVI with Intrepid against standard surgery or TEER. This arm 
was closed because of poor enrolment and now has a single-arm 
primary cohort of patients who do not have favourable anatomy 
for TEER (250-500 patients); an arm of MAC patients (up to 300) 
was also added. Recruitment is currently ongoing at the time of 
writing this manuscript.
SAPIEN M3
The initial report of the first-in-human experience included 
10 patients (mean age 76.1±5.0 years, STS score 3.8%±2.5% and 
50% women). The primary endpoint was technical success, as 
defined by MVARC criteria, at completion of the index procedure. 
Technical success was achieved in 90%. At 30 days, MR was ≤1+ 



E
uroIntervention 2

0
2

3
;1

9
:72

0
-73

8  

732

Table 3. Main results of TMVI in MAC with aortic devices.

n Age, years
STS score/ 

EuroSCORE II 
Technical 
success

30-day mortality
30-day LVOT 
obstruction

1-year 
mortality

Guerrero, 201870 116 78 5.3±11.6% 77.6% 25.0% 11.2% 53.7%

Praz, 201868 26 100 9.4±4.8% 100% 26.9% 0% -

Urena, 201869 27 78 7.3 (3.0-14.0) 77.7% 11.2% 7.4% 41.7%

Yoon, 201867 58 62 10.1±6.9% 62.1% 34.5% 39.7% 62.8%

Guerrero, 202071 100 74 10.3 (6.8-17.3) 74.0% 21.8% 10.0% -

Guerrero, 202165 31 74.5 8.6±8.2% 74.2% 16.7% 9.7% 39.9%

EuroSCORE: European System for Cardiac Operative Risk Evaluation; LVOT: left ventricular outflow tract; MAC: mitral annular calcification; 
STS: Society of Thoracic Surgeons; TMVI: transcatheter mitral valve implantation

EuroIntervention

CENTRAL ILLUSTRATION Summarising the main results of TMVI nowadays.

CE: European conformity; CT: computed tomography; MAC: mitral annular calcification; THV: transcatheter heart valve; 
TMVI: transcatheter mitral valve implantation; TOE: transoesophageal echocardiography; TTE: transthoracic echocardiography
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in 89% of patients and severe in 1 due to severe PVL; this was 
successfully reduced to moderate with percutaneous PVL closure. 
The median transmitral gradient at 30 days was 6 mmHg (Q1, 
Q3: 5, 6 mmHg), and there was no LVOT obstruction. Functional 
class improved, all were in NYHA Class III or IV at baseline, 
and 90% were in Class I or II at follow-up. There were no sta-
tistically significant improvements in KCCQ scores (baseline 288 
vs 350; p=0.812) or 6-min walk distance (50.00 vs 73.45 metres; 
p=0.195). There were no deaths at 30 days66. The experience in 
MAC is limited but growing at the time of writing this manuscript. 
Clinical outcomes in MAC patients have not been published.

The ENCIRCLE trial (SapiEN M3 system transCatheter mItral 
valve ReplaCement via transseptaL accEss; ClinicalTrials.gov: 
NCT04153292) is a prospective multicentre pivotal trial evaluat-
ing the SAPIEN M3 valve in symptomatic patients with primary 
or secondary MR who are not candidates or considered unsuitable 
for commercially available options. The main cohort of this study 
aims to enrol 300 patients who are not good candidates for standard 
surgery or TEER; prior surgical repair with an annuloplasty ring is 
not an exclusion criterion. It also has a registry arm of failed TEER 
(n=100), and an arm of MAC patients (n=100) was recently added. 

AORTIC TRANSCATHETER VALVES 
The largest case series is an international registry including 
116 patients at high surgical risk (STS score 15.3±12.0%). In 

this registry, the rate of technical success was 77%. However, the 
30-day mortality was as high as 25%, and at 1 year, 54% had 
died. LVOT obstruction with haemodynamic compromise was 
observed in 11.2% of patients and was associated with a 50% 
mortality rate. The main case series analysing the results of 
TMVI in patients with MAC are shown in Table 365,67-71. Despite 
differences regarding 30-day mortality (11-40%), the 1-year mor-
tality rate was near to 50% in all retrospective studies (50% mor-
tality at 1 year in the TMVI in MAC registry and 62.8% in the 
TMVI Registry). Nonetheless, outcomes improved with experi-
ence and better patient selection. In the first prospective clinical 
trial evaluating ViMAC (Mitral Implantation of TRAnscatheter 
vaLves [MITRAL] Trial), the role of pre-emptive alcohol sep-
tal ablation was implemented and evaluated to decrease the risk 
for TMVI-induced LVOT obstruction65. A total of 31 high surgi-
cal risk patients (mean STS score 8.6±8.2%) underwent TMVI 
(transseptal=15, transatrial=15, transapical=1) using the SAPIEN 
family of THVs (XT=2, SAPIEN 3=29). The 30-day mortality in 
patients treated with transseptal access was 6.7% and in patients 
treated with surgical transatrial access was 21.4%. At 1 year, all-
cause mortality was 34.5% (combined transatrial and transseptal 
access) in the entire cohort and 26.7% in patients treated with 
transseptal access. At 2 years, all-cause mortality was 39.9%, 
and at 5 years was 67.9% (combined transatrial and transseptal 
access)72.

Non-eligibility for
TMVI with mitral

THV

Anatomical
reasons

Annulus
dimensions MACLVOT

obstruction
Advanced

cardiac diseaseFrailty

Severe tricuspid
regurgitation

Risk
of futility

Transseptal
approach

Earlier
referring

Patient and
medical

education

Selective devices
(Tendyne, Intrepid,

M3)
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Figure 7. Non-eligibility for TMVI. The main reported reasons for non-eligibility for TMVI are the risk of futility, the presence of severe 
tricuspid regurgitation and anatomical constraints. Potential solutions to improve eligibility for TMVI are proposed. LVOT: left ventricular 
outflow tract; MAC: mitral annular calcification; THV: transcatheter heart valve; TMVI: transcatheter mitral valve implantation; 
TR: tricuspid regurgitation
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Unknowns and future directions 
The Central illustration provides an overview of the current use 
of TMVI in patients with native mitral valve disease and summa-
rises the main findings from pivotal trials. TMVI demonstrates 
promising results in terms of safety and efficacy, and it has the 
potential to become the preferred therapy for patients with FMR 
if the durability of dedicated devices is confirmed to be simi-
lar to surgical bioprostheses. However, in patients with DMR, 
when durable repair is feasible, surgery is likely to remain the 
first-choice therapy even with technological advancements and 
improved technique. In this scenario, TMVI will be probably 
restricted to patients considered to be at high surgical risk.

However, there are remaining challenges that need be 
addressed. One of the main shortcomings is the narrow eligi-
bility criteria, with screening failure rates as high as 89%11-13. 
As patients left untreated have poor outcomes12,13 (Figure 7), all 
efforts should be done to optimise candidacy. The reasons for 
denying therapy vary across different studies, anatomical criteria 
are the most frequently reported ones, followed by a concomitant 
tricuspid regurgitation and the risk of medical futility. Among 
the anatomical factors, the risk of LVOT obstruction, the size 
of the mitral annulus, and the presence of MAC are the main 
reasons. Thus, developing therapies to reduce the risk of LVOT 
obstruction is crucial for expanding eligibility for TMVI. While 
most devices are contraindicated in patients with MAC, at least 
one dedicated device has shown efficacy in these patients, and 
another is being evaluated. Concomitant severe TR is also fre-
quently reported as a reason to refuse therapy11-13. MR is fre-
quently associated with TR, and, therefore, a percutaneous option 
for treating TR is mandatory for the development of TMVI. 
Several percutaneous tricuspid repair and replacement therapies 
are currently in evaluation with promising preliminary results73. 
Finally, medical futility is another common reason to contrain-
dicate the procedure11-13. The use of the transapical approach 
may increase the risk of futile procedures, particularly in frail 
patients. Although it has not been determined to what extent 
the use of the transseptal approach might favour eligibility for 
TMVI, the transseptal route will probably become the preferred 
access in the future. Referring patients earlier may also help to 
prevent futility. The main reasons for non-eligibility and poten-
tial strategies to broadening eligibility are displayed in Figure 6. 

The development of the technology and the enhancement of 
the technique will probably result in better candidacy. A wider 
annulus size range − with increased availability of sizes and/or 
the use of mechanisms to reduce the dimensions of the mitral 
annulus to fit to available device sizes − mechanisms of trap-
ping the anterior leaflet to reduce the risk of LVOT obstruction, 
reducing the size of the sheaths with better navigability lead-
ing to increased use of the transseptal approach, may address, at 
least in part, these challenges. 

In addition, several unknowns still remain and should be 
evaluated in future trials. Firstly, the risk of valve thrombosis 
and the need for long-term anticoagulation as well as the most 

appropriate antithrombotic therapy (anti-vitamin K vs new anti-
coagulants) remain unclear. Data from TMVI using aortic THV 
have revealed a higher risk of valve thrombosis compared to sur-
gical bioprostheses, particularly in the first year after the proce-
dure74. Furthermore, the risk of thrombosis may vary depending 
on the type of THV, with larger stent frames in the left atrium 
potentially increasing the risk. Although most cases of thrombo-
sis are subclinical and resolved with optimisation of antithrom-
botic therapy74, it has been suggested that this might be an early 
phase of valve degeneration75. Secondly, the decision of whether 
to systematically close residual atrial septal defects (ASD; sheath 
diameters ranging between 20-39 Fr) remains unknown. While 
closure may be necessary for patients with significant tricus-
pid regurgitation, the decision should be based on weighing 
the long-term consequences of large ASDs against the poten-
tial risks of percutaneous closure (e.g., compromising reinter-
vention). Finally, the durability of dedicated THVs should be 
demonstrated to be comparable to surgery, and the need and pos-
sibility for reintervention are unknown. Furthermore, it remains 
to be elucidated if the need for reintervention is similar to that 
of TEER. So far, no head-to-head comparisons have been done 
between both therapies. Although we might speculate that rein-
tervention will probably be feasible using aortic devices, at least 
for circular-shaped devices, it has yet to be demonstrated. 

The pivotal trials evaluating TMVI devices, which have 
included a randomised arm that compares the new TMVI device 
to standard surgery (SUMMIT and APOLLO trials), and ongoing 
randomised trials comparing TEER and TMVI will shed more 
light on the roles of each therapy for the treatment of patients 
with MR. However, since the results of the COAPT trial were 
published and clinical practice guidelines changed their recom-
mendations to provide TEER with a higher indication than sur-
gery in patients with secondary MR, enrolling in clinical trials 
has become more challenging. Physicians and patients may find 
it easier to proceed with TEER, which is considered the new 
standard of care for FMR, even for patients who do not have an 
anatomy favourable for TEER. This might result in suboptimal 
procedural outcomes and poor overall clinical outcomes, as well 
as setbacks in the development of TMVI. Further efforts must be 
made to include patients in these trials. 

Patients with MAC, in addition to their anatomical factors, 
pose a clinical challenge regarding the risk of futility. Even when 
30-day mortality was low (0-10%), 1-year mortality has been as 
high as 40%64,65,69. The causes of early death were both cardio-
vascular and non-cardiovascular, (50% cardiovascular and 50% 
non-cardiovascular ), heart failure being the main cause of car-
diovascular death in one study76. Thus, much effort should be 
made in order to identify patients who will ultimately benefit 
from this therapy. Of note, in the MITRAL Trial, for patients 
treated by transseptal access, all-cause mortality was 26.7%65, 

which is similar to the mortality observed in patients treated 
with TEER using MitraClip in the US77. Whether the use of the 
transseptal approach might improve survival in these patients 
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should be confirmed in future studies. Likewise, all-cause mor-
tality at 2 years was 39.9% (combined transatrial and transsep-
tal access)78, which is comparable to the 43.3% mortality rate at 
2 years in extremely high surgical risk patients treated with TAVI 
in the PARTNER 1 trial79. However, the prognosis of patients 
with MAC is not fully understood, and it is likely that other fac-
tors impacting the survival of these patients should be identi-
fied. In the meantime, before considering TMVI valve-in-MAC, 
patients should be assessed for the risk of clinical futility, and 
anatomical factors increasing the risk of periprocedural compli-
cations should be ruled out.

Conclusions
The initial results of TMVI for the treatment of native MV dis-
ease using both dedicated and aortic THVs are encouraging. 
However, eligibility criteria for TMVI are narrow, and only 
a few patients ultimately qualify for this therapy. The devel-
opment of concomitant therapies aimed at reducing the risk of 
LVOT obstruction, the advancement of percutaneous therapies 
for treating TR and the wider use of the transseptal approach are 
likely to broaden the eligibility criteria for TMVI and to facili-
tate its incorporation into clinical practice. Future research will 
determine the role of this therapy in the management of native 
MV disease.
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