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 ■ ABSTRACT
As transcatheter aortic valve replacement (TAVR) has 
become routine, device manufacturers and investigational 
cardiologists have set their sights on the mitral valve. 
Although transcatheter mitral valve replacement (TMVR) 
poses several technical challenges, they appear to be 
surmountable, and work is proceeding. Here we review 
the various devices being developed and preliminary 
results of trials in humans. 

 ■ KEY POINTS
Most TMVR procedures are performed by either a retro-
grade transapical approach or an antegrade transseptal 
approach.

In the small number of patients who have undergone 
TMVR for native mitral valve regurgitation to date, 
mortality rates at 30 days have been high, refl ecting the 
seriousness of illness in these patients.

At present, none of the new devices for TMVR in patients 
with native mitral valve regurgitation are approved for 
general use, although some of them are being tested in 
phase 1 clinical trials that are enrolling patients. 

Valves made for TAVR have been used for TMVR in 
patients with degenerative mitral stenosis or failure of 
mitral bioprostheses; however, these are off-label uses of 
these devices.

I n the last 10 years, we have seen a revolution in 
transcatheter therapies for structural heart dis-
ease. The most widely embraced, transcatheter 
aortic valve replacement (TAVR) was originally 

intended for patients in whom surgery was considered 
impossible, but it has now been established as an 
excellent alternative to surgical aortic valve replace-
ment in patients at high or intermediate risk.1–3 As 
TAVR has become established, with well-designed 
devices and acceptable safety and effi cacy, it has 
inspired operators and inventors to push the envelope 
of innovation to transcatheter mitral valve replace-
ment (TMVR).

This review summarizes the newest data avail-
able for the TMVR devices currently being tested 
in patients with native mitral regurgitation, biopros-
thetic degeneration, and degenerative mitral stenosis.

 ■ THE MITRAL VALVE: THE NEW FRONTIER 
Whereas the pathologic mechanisms of aortic stenosis 
generally all result in the same anatomic consequence 
(ie, calcifi cation of the valve leafl ets and commissures 
resulting in reduced mobility), mitral valve regurgita-
tion is much more heterogeneous. Primary (degenera-
tive) mitral regurgitation is caused by intrinsic valve 
pathology such as myxomatous degeneration, chordal 
detachment, fi broelastic defi ciency, endocarditis, and 
other conditions that prevent the leafl ets from coapt-
ing properly. In contrast, in secondary or functional 
mitral regurgitation, the leafl ets are normal but do 
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not coapt properly because of apical tethering to a 
dilated left ventricle, reduced closing forces with left 
ventricular dysfunction, or annular dilation as the 
result of either left ventricular or left atrial dilation. 

Surgical mitral valve repair is safe and effective 
in patients with degenerative mitral regurgitation 
caused by leafl et prolapse and fl ail. However, some 
patients cannot undergo surgery because they have 
comorbid conditions that place them at extreme 
risk.4 For example, most patients with functional 
mitral regurgitation due to ischemic or dilated car-
diomyopathy have signifi cant surgical risk and mul-
tiple comorbidities, and in this group surgical repair 
has limited effi cacy.5 A sizeable proportion of patients 
with mitral regurgitation may not be offered surgery 
because their risk is too high.6 Therefore, alternatives 
to the current surgical treatments have the potential 
to benefi t a large number of patients. 

Similarly, many patients with degenerative mitral 
stenosis caused by calcifi cation of the mitral annulus 
also cannot undergo cardiac surgery because of pro-
hibitively high risk. While rheumatic disease is the 
most common cause of mitral stenosis worldwide, 

degenerative mitral stenosis may be the cause in up 
to one-fourth of patients overall and up to 60% of 
patients older than 80 years.7 In the latter group, not 
only do old age and comorbidities such as diabetes 
mellitus and chronic kidney disease pose surgical 
risks, the technical challenge of surgically implanting 
a prosthetic mitral valve in the setting of a calcifi ed 
annulus may be signifi cant.8 

The mitral valve is, therefore, the perfect new 
frontier for percutaneous valve replacement thera-
pies, and TMVR is emerging as a potential option for 
patients with mitral regurgitation and degenerative 
mitral stenosis. The currently available percutaneous 
treatment options for mitral regurgitation include 
edge-to-edge leafl et repair, direct and indirect annu-
loplasty, spacers, and left ventricular remodeling 
devices (Table 1).9,10 As surgical mitral valve repair 
is strongly preferred over mitral valve replacement, 
the percutaneous procedures and the devices that 
are used are engineered to approximate the current 
standard surgical techniques. However, given the 
complex pathologies involved, surgical repair often 
requires the use of multiple repair techniques in the 

TABLE 1
Percutaneous mitral valve repair devices

Type of repair Device Technique Status

Edge-to-edge repair  MitraClip V-shaped clip applied via femoral vein FDA approval for patients with
       degenerative mitral regurgitation
   COAPT trial for patients with functional
       mitral regurgitation 
   CE Mark approval for all mitral
       regurgitation

Indirect annuloplasty Carillon Nitinol wire placed in the coronary  US trial being planned
      sinus via the internal jugular vein CE Mark approval

Direct annuloplasty Mitralign Anchors placed in the posterior annulus  Feasbility trial published
      via femoral artery 
 Valtech Cardioband Anchors placed in the posterior annulus  Feasibility trial published
      via the femoral vein

Chordal repair NeoChord Transapical approach  CE Mark approval

Valve spacer Mitra-Spacer Balloon placed in the mitral valve to  First-in-man completed9

      reduce regurgitant orifi ce and  Technology licensed for possible
      improve coaptation, transfemoral     tricuspid valve use
      and transapical delivery

Chamber remodelling Basal annuloplasty  Silicone band placed externally at the First-in-man completed10

 of the cardia      atrioventricular groove and infl ated
 externally (BACE)

FDA = US Food and Drug Administration
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same patient. Therefore, percutaneous repair may 
also require more than one type of device in the same 
patient and may not be anatomically feasible in many 
patients. Replacing the entire valve may obviate 
some of these challenges. 

Compared with the aortic valve, the mitral valve 
poses a greater challenge to percutaneous treatment 
due to its structure and dynamic relationship with 
the left ventricle. Some specifi c challenges facing 
the development of TMVR are that the mitral valve 
is large, it is diffi cult to access, it is asymmetrical, it 
lacks an anatomically well-defi ned annulus to which 
to anchor the replacement valve, its geometry changes 
throughout the cardiac cycle, and placing a replace-
ment valve in it entails the risk of left ventricular 
outfl ow tract obstruction. Despite these challenges, a 
number of devices are undergoing preclinical testing, 
a few are in phase 1 clinical trials, and registries are 
being kept. Depending on the specifi c device, an ante-
grade transseptal approach to the mitral valve (via the 
femoral vein) or a retrograde transapical approach (via 
direct left ventricular access) may be used (Figure 1).

 ■ NATIVE MITRAL VALVE REGURGITATION
For degenerative mitral regurgitation, the standard 
of care is cardiac surgery at a hospital experienced 
with mitral valve repair, and with very low rates of 
mortality and morbidity. For patients in whom the 
surgical risk is prohibitive, percutaneous edge-to-edge 
leafl et repair using the MitraClip (Abbott Vascular, 
Minneapolis, MN) is the best option if the anatomy 
permits. If the mitral valve pathology is not amenable 
to MitraClip repair, the patient may be evaluated for 
TMVR under a clinical trial protocol. 

For functional mitral regurgita-
tion, the decisions are more com-
plex. If the patient has chronic atrial 
fi brillation, electrical cardioversion 
and antiarrhythmic drug therapy 
may restore and maintain sinus 
rhythm, though if the left atrium 
is large, sinus rhythm may not be 
possible. If the patient has left 
ventricular dysfunction, guideline-
directed medical therapy should 
be optimized; this reduces the risk 
of exacerbations, hospitalizations, 
and death and may also reduce 
the degree of regurgitation. If the 
patient has severe left ventricular 
dysfunction and a wide QRS dura-
tion, cardiac resynchronization 

therapy (biventricular pacing) may also be benefi cial 
and reduce functional mitral regurgitation. If symp-
toms and severe functional mitral regurgitation persist 
despite these measures and the patient’s surgical risk 
is deemed to be extreme, options include MitraClip 
placement as part of the randomized Cardiovascular 
Outcomes Assessment of the MitraClip Percutaneous 
Therapy (COAPT) trial, which compares guideline-
directed medical therapy with guideline-directed 
therapy plus MitraClip. Another option is enroll-
ment in a clinical trial or registry of TMVR. 

At this writing, six TMVR devices have been 
implanted in humans:

• Fortis (Edwards Lifesciences, Irvine, CA)
• Tendyne (Tendyne Holding Inc, Roseville, MN)
•  NaviGate (NaviGate Cardiac Structures, Inc, 

Lake Forest, CA)
• Intrepid (Medtronic, Minneapolis, MN)
• CardiAQ (Edwards Lifesciences, Irvine, CA)
• Tiara (Neovasc Inc, Richmond, BC).
Most of the early experience with these valves has 

not yet been published, but some data have been pre-
sented at national and international meetings. 
The Fortis valve
The Fortis valve consists 
of a self-expanding nitinol 
frame and leafl ets made of 
bovine pericardium and is 
implanted via a transapical 
approach. 

The device was success-
fully implanted in three 
patients in Quebec City, 
Canada, and at 6 months, all had improved signifi -

Fortis valve
Courtesy of Edwards Lifesciences.

FIGURE 1. Routes of transcatheter mitral valve replacement: (A) transseptal antegrade via 
the femoral vein; (B) transapical retrograde via direct left ventricular access. 

Reprinted with permission from Wolters Kluwer Health, Inc. (Sud K, et al. Degenerated mitral stenosis: 
unmet need for percutaneous interventions. Circulation 2016; 133:1594–1604).
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cantly in functional class and none had needed to be 
hospitalized.11 Echocardiographic assessment demon-
strated trace or less mitral regurgitation and a mean 
transvalvular gradient less than 4 mm Hg in all. 

Bapat and colleagues12 attempted to implant the 
device in 13 patients in Europe and Canada. The 
average left ventricular ejection fraction was 34%, 
and 12 of 13 patients (92%) had functional mitral 
regurgitation. Procedural success was achieved in 10 
patients, but fi ve patients died within 30 days. While 
the deaths were due to nonvalvular issues (multi organ 
failure, septic shock, intestinal ischemia after failed 
valve implantation and conversion to open surgery, 
malnutrition leading to respiratory failure, and valve 
thrombosis), the trial is currently on hold as more data 
are collected and reviewed. Among the eight patients 
who survived the fi rst month, all were still alive at 
6 months, and echocardiography demonstrated no or 
trivial mitral regurgitation in six patients (80%) and 
mild regurgitation in two patients (20%); the aver-
age mitral gradient was 4 mm Hg, and there was no 
change in mean left ventricular ejection fraction. 

The Tendyne valve
The Tendyne valve is a self-expanding prosthesis with 
porcine pericardial leafl ets. It is delivered transapically 
and is held in place by a tether from the valve to the 
left ventricular apex. 

In the fi rst 12 patients 
enrolled in an early feasi-
bility trial,13 the average 
left ventricular ejection 
fraction was 40%, and 11 
of the 12 patients had func-
tional mitral regurgitation. 
The device was successfully 
implanted in 11 patients, 
while one patient devel-
oped left ventricular out-
fl ow tract obstruction and 
the device was uneventfully removed. All patients 
were still alive at 30 days, and the 11 patients who 
still had a prosthetic valve did not have any residual 
mitral regurgitation. 

As of this writing, almost 80 patients have received 
the device, though the data have not yet been pre-
sented. Patients are being enrolled in phase 1 trials.

The NaviGate valve
The NaviGate valve con-
sists of a trileafl et subassem-
bly fabricated from bovine 
pericardium, mounted on 
a self-expanding nitinol 
stent, and is only implanted 
transatrially. 

FIGURE 2. Transatrial implantation of the NaviGate transcatheter mitral valve replacement prosthesis. (A) Initial unsheathing of the valve (arrow) 
via the left atrium (LA); (B) no residual mitral regurgitation on left ventriculography (LV). Ao = ascending aorta

A B

Tendyne valve
Reprinted from EuroIntervention 
(Perpetua EM, et al. The Tendyne 

transcatheter mitral valve implanta-
tion system. EuroIntervention 2015; 

11:W78-W79.) © 2015 with permis-
sion from Europa Digital 

& Publishing.

NaviGate valve
Courtesy of Jose Navia.
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NaviGate valves were successfully implanted in two 
patients via a transatrial approach (Figure 2). Both 
patients had excellent valve performance without 
residual mitral regurgitation or left ventricular outfl ow 
tract obstruction. The fi rst patient showed signifi cant 
improvement in functional class and freedom from 
hospitalization at 6 months, but the second patient 
died within a week of the implant due to advanced 
heart failure.14 A US clinical trial is expected soon.

The Intrepid valve
The Intrepid valve consists 
of an outer stent to provide 
fi xation to the annulus and an 
inner stent that houses a bovine 
pericardial valve. The device is 
a self-expanding system that is 
delivered transapically.

In a series of 15 patients, 11 
had functional mitral regurgitation (with an average 
left ventricular ejection fraction of 35%) and four 
had degenerative mitral regurgitation (with an aver-
age left ventricular ejection fraction of 57%).15 The 
device was successfully implanted in 14 patients, after 
which the average mitral valve gradient was 4 mm 
Hg. All patients but one were left with no regurgita-
tion (the other patient had 1+ regurgitation). 

A trial is currently under way in Europe.

The CardiAQ valve
The CardiAQ is constructed 
of bovine pericardium and can 
be delivered by the transseptal 
or transapical route.

Of 12 patients treated under 
compassionate use,16 two-thirds 
(eight patients) had func-
tional mitral regurgitation. 
Two patients died during the procedure, three died 
of noncardiac complications within 30 days, and one 
more died of sepsis shortly after 30 days. This early 
experience demonstrates the importance of careful 
patient selection and postprocedural management in 
the feasibility assessment of these new technologies. 

Patients are being enrolled in phase 1 trials.

The Tiara valve
The Tiara valve, a self-expand-
ing prosthesis with bovine 
pericardial leafl ets, is delivered 
by the transapical route. 

Eleven patients underwent 
Tiara implantation as part 
of either a Canadian special 
access registry or an interna-
tional feasibility trial. Their 
average Society of Thoracic 
Surgeons score (ie, their cal-
culated risk of major morbidity 
or operative mortality) was 15.6%, and their aver-
age left ventricular ejection fraction was 29%. Only 
two patients had degenerative mitral regurgitation. 
Nine patients had uneventful procedures and dem-
onstrated no residual mitral regurgitation and no left 
ventricular outfl ow tract obstruction. The procedure 
was converted to open surgery in two patients owing 
to valve malpositioning, and both of them died 
within 30 days. One patient in whom the procedure 
was successful suffered erosion of the septum and died 
on day 4.17 

Patients are being enrolled in phase 1 trials.

 ■ DEGENERATIVE MITRAL STENOSIS

In patients with degenerative mitral stenosis, exten-
sive mitral annular calcifi cation may provide an ade-
quate “frame” to hold a transcatheter valve prosthesis 
(Figure 3). Exploiting this feature, numerous inves-
tigators have successfully deployed prosthetic valves 
designed for TAVR in the calcifi ed mitral annulus via 
the retrograde transapical and antegrade transseptal 
routes. 

FIGURE 3. Mitral annular calcifi cation (MAC) provides a “frame” 
for transcatheter mitral valve replacement prosthesis implantation in 
the mitral position for degenerative mitral stenosis. Ao = aorta; 
LVOT = left ventricular outfl ow tract

Reprinted with permission from Wolters Kluwer Health, Inc. 
(Sud K, et al. Degenerated mitral stenosis: unmet need 

for percutaneous interventions. Circulation 2016; 133:1594–1604).

Intrepid valve
Courtesy of Medtronic.

CardiAQ valve
Courtesy of Edwards Lifesciences.

Tiara valve
Reprinted from EuroInter-
vention (Cheung A, et al. 

Transcatheter mitral valve 
implantation with Tiara 

bioprosthesis. EuroIntervention 
2014; 10:U115-U119.) © 2014 

with permission from Europa 
Digital & Publishing.
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Guerrero and colleagues presented results from 
the fi rst global registry of TMVR in mitral annular 
calcifi cation at the 2016 EuroPCR Congress.18 Of 104 
patients analyzed, almost all received an Edwards’ 
Sapien balloon-expandable valve (fi rst-generation, 
Sapien XT, or Sapien 3); the others received Boston 
Scientifi c’s Lotus or Direct Flow Medical (Direct Flow 
Medical, Santa Clara, CA) valves. With an average 
age of 73 years and a high prevalence of comorbidi-
ties such as diabetes, chronic obstructive pulmonary 
disease, atrial fi brillation, chronic kidney disease, and 
prior cardiac surgery, the group presented extreme 
surgical risk, with an average Society of Thoracic 
Surgeons risk score of 14.4%. Slightly more than 40% 
of the patients underwent transapical implantation, 
slightly less than 40% underwent transfemoral or 
transseptal implantation, and just under 20% had a 
direct atrial approach. 

The implantation was technically successful in 78 
of 104 patients (75%); 13 patients (12.5%) required 

a second mitral valve to be placed, 11 patients 
(10.5%) had left ventricular outfl ow tract obstruction, 
four patients (4%) had valve embolization, and two 
patients (2%) had left ventricular perforation. At 30 
days, 11 of 104 patients (10.6%) had died of cardiac 
causes and 15 patients (14.4%) had died of noncardiac 
causes. When divided roughly into three equal groups 
by chronological order, the last third of patients, 
compared with the fi rst third of patients, enjoyed 
greater technical success (80%, n = 32/40 vs 62.5%, 
n = 20/32), better 30-day survival (85%, n = 34/40 vs 
62.5%, n = 20/32), and no conversion to open surgery 
(0 vs 12.5%, n = 4/32), likely demonstrating both 
improved patient selection and lessons learned from 
shared experience. At 1 year, almost 90% of patients 
had New York Heart Association class I or II symp-
toms. Prior to the procedure, 91.5% had New York 
Heart Association class III or IV symptoms.

At present, TMVR in mitral annular calcifi cation 
is not approved in the United States or elsewhere. 

FIGURE 4. Transfemoral mitral valve-in-valve placement of a balloon-expandable valve. (A) Catheter via femoral vein (white arrow) and 
crossing the interatrial septum with unexpanded valve in place (black arrow) within the mitral prosthesis (arrowhead); (B) balloon infl ation of 
the TAVR prosthesis (black arrow); (C) fully expanded valve in place; (D) 3D transesophageal echocardiographic view from the left atrium of the 
stenosed mitral valve (arrow); (E) mitral valve open (arrow) after valve-in-valve placement. 
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However, multiple registries are currently enrolling 
patients or are in formative stages to push the fron-
tier of the currently available technologies until bet-
ter, dedicated devices are available for this group of 
patients.

 ■ BIOPROSTHETIC VALVE OR VALVE RING FAILURE
Implantation of a TAVR prosthetic inside a degen-
erated bioprosthetic mitral valve (valve-in-valve) 
and mitral valve ring (valve-in-ring) is generally 
limited to case series with short-term results using 
the Edwards Sapien series, Boston Scientifi c Lotus, 
Medtronic Melody (Medtronic, Minneapolis, MN), 
and Direct Flow Medical valves (Figure 4).19–23 

The largest collective experience was presented 
in the Valve-in-Valve International Data (VIVID) 
registry, which included 349 patients who had mitral 
valve-in-valve placement and 88 patients who had 
mitral valve-in-ring procedures. Their average age 
was 74 and the mean Society of Thoracic Surgeons 
score was 12.9% in both groups.24 Of the 437 patients, 
345 patients (78.9%) underwent transapical implan-
tation, and 391 patients (89.5%) received  a Sapien 
XT or Sapien 3 valve. In the valve-in-valve group, 
41% of the patients had regurgitation, 25% had ste-
nosis, and 34% had both. In the valve-in-ring group, 
60% of the patients had regurgitation, 17% had ste-
nosis, and 23% had both. 

Valve placement was successful in most patients. 
The rate of stroke was low (2.9% with valve-in-valve 
placement, 1.1% with valve-in-ring placement), 
though the rate of moderate or greater residual mitral 
regurgitation was signifi cantly higher in patients 
undergoing valve-in-ring procedures (14.8% vs 2.6%, 
P < .001), as was the rate of left ventricular outfl ow 
tract obstruction (8% vs 2.6%, P = .03). There was 
also a trend toward worse 30-day mortality in the 
valve-in-ring group (11.4% vs 7.7%, P = .15). As 
with aortic valve-in-valve procedures, small surgical 
mitral valves (≤ 25 mm) were associated with higher 
postprocedural gradients. 

Eleid and colleagues25 published their experience 
with antegrade transseptal TMVR in 48 patients 
with an average Society of Thoracic Surgeons score 
of 13.2%, 33 of whom underwent valve-in-valve pro-
cedures and nine of whom underwent valve-in-ring 
procedures. (The other six patients underwent mitral 
valve implantation for severe mitral annular calci-
fi cation.) In the valve-in-valve group, 31 patients 
successfully underwent implant procedures, but two 
patients died during the procedure from left ventricu-
lar perforation. Of the nine valve-in-ring patients, 

two had acute embolization of the valve and were 
converted to open surgery. Among the seven patients 
in whom implantation was successful, two developed 
signifi cant left ventricular outfl ow tract obstruction; 
one was treated with surgical resection of the ante-
rior mitral valve leafl et and the other was medically 
managed. 

 ■ CONCLUSION
Transcatheter mitral valve replacement in regurgitant 
mitral valves, failing mitral valve bioprosthetics and 
rings, and calcifi ed mitral annuli has been effectively 
conducted in a number of patients who had no surgical 
options due to prohibitive surgical risk. International 
registries and our experience have demonstrated that 
the valve-in-valve procedure using a TAVR prosthe-
sis carries the greatest likelihood of success, given the 
rigid frame of the surgical bioprosthetic that allows 
stable valve deployment. While approved in Europe 
for this indication, use of these devices for this appli-
cation in the United States is considered “off label” 
and is performed only in clinically extenuating cir-
cumstances. Implantation of TAVR prosthetics in 
patients with prior mitral ring repair or for native 
mitral stenosis also has been performed successfully, 
although left ventricular outfl ow tract obstruction is 
a signifi cant risk in this early experience. 

Devices designed specifi cally for TMVR are in their 
clinical infancy and have been implanted successfully 
in only small numbers of patients, most of whom 
had functional mitral regurgitation. Despite reason-
able technical success, most of these trials have been 
plagued by high mortality rates at 30 days in large part 
due to the extreme risk of the patients in whom these 
procedures have been conducted. At present, enroll-
ment in TMVR trials for patients with degenerative 
or functional mitral regurgitation is limited to those 
without a surgical option and who conform to very 
specifi c anatomic criteria. 
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