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Tratamiento percutáneo de la regurgitación mitral
Rodrigo M. Lago1, Igor F. Palacios2

ABSTRACT

RESUMEN

Mitral Regurgitation (MR) is the most common type of valvular insufficiency. It is esti
mated that approximately 5 million people in the US and over 20 million worldwide
suffer from congestive heart failure, many of whom are associated with dilated ven
tricles and coexisting MR. Ischemic cardiomyopathy is the most common cause of
heart failure in the United States. This disease is marked by diffuse myocardial dama
ge, left ventricular remodeling, and often functional ischemic MR. While surgery can
be effective in treating MR, it is frequently associated with high operative morbidi
ty, disease recurrence and increased mortality. Currently, potential percutaneous op
tions for the treatment of mitral regurgitation are in different stages of development
either under early phases of clinical use or being preclinically tested. These tech
niques include leaflet coupling with edgetoedge repair (EValve MitraClip, Edwards
Stitch), coronary sinus reshaping (Monarch device, Carillon device, Miltralife ev3, Car
diac Dimensions, Viacor), annular plication with posterior annulus reshaping (Mitra
lign, Guided Delivery Systems), and left ventricular remodeling (Myocor, Ample PS3).
In this article, we will discuss current options and future directions for the percuta
neous treatment of mitral valve regurgitation.

La regurgitación mitral es la más común de las insuficiencias valvulares. Se estima que al
rededor de 5 millones de personas en los Estados Unidos y más 20 millones alrededor
del mundo sufren insuficiencia cardíaca congestiva, en muchas de las cuales se asocia a
ventrículos dilatados e insuficiencia mitral coexistente. La cardiomiopatía hipertrófica es la
causa más común de insuficiencia cardíaca en EE.UU. Esta enfermedad se caracteriza por
daño miocárdico difuso, remodelamiento del ventrículo izquierdo y, frecuentemente, in
suficiencia mitral isquémica funcional. Mientras el tratamiento quirúrgico puede ser efec
tivo para el tratamiento de la regurgitación mitral, está frecuentemente asociado a morbi
lidad operatoria, recurrencia de la enfermedad y aumento de la mortalidad. Actualmente,
las opciones percutáneas para el tratamiento de la insuficiencia mitral están en diferentes
estadios de desarrollo. Estas incluyen técnicas de plastia mitral percutánea, uniendo los
bordes libres de ambos velos mitrales (EValve MitraClip, Edwards Stitch), remodelamien
to del seno coronario (Monarch device, Carillon device, Miltralife ev3, Cardiac Dimensions,
Viacor), plicatura anular con posterior remodelamiento del anillo (Mitralign, Guided Deli
very Systems) y remodelamiento ventricular izquierdo (Myocor, Ample PS3). En este artí
culo discutimos las opciones terapéuticas actuales y las perspectivas futuras para el trata
miento percutáneo de la insuficiencia mitral.
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INTRODUCTION
Mitral Regurgitation (MR) is the most common type
of valvular insufficiency. It is estimated that approximately 5 million people in the US and over 20 million worldwide suffer from congestive heart failure, many of whom are associated with dilated ventricles and coexisting MR.1-3 Ischemic cardiomyopathy is
the most common cause of heart failure in the United
States. This disease is marked by diffuse myocardial
damage, left ventricular remodeling, and often functional ischemic MR.3 While surgery can be effective
in treating MR, it is frequently associated with high
operative morbidity, disease recurrence and increased
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mortality.3-5 Currently, potential percutaneous options
for the treatment of mitral regurgitation are in different stages of development either under early phases of
clinical use or being pre-clinically tested. These techniques include leaflet coupling with edge-to-edge repair
(EValve MitraClip, Edwards Stitch), coronary sinus
reshaping (Monarch device, Carillon device, Miltralife ev3, Cardiac Dimensions, Viacor), annular plication
with posterior annulus reshaping (Mitralign, Guided Delivery Systems), and left ventricular remodeling
(Myocor, Ample PS3). In this article, we will discuss
current options and future directions for the percutaneous treatment of mitral valve regurgitation. Percutaneous mitral valve repair (MVR) is used to treat mitral regurgitation.6-10 Percutaneous procedures used to
treat valvular heart disease were first developed decades ago; the first pulmonic balloon valvuloplasty was
reported in 1982 and was quickly followed by applications to the aortic and mitral valves. Over the past 20
years, percutaneous mitral balloon valvuloplasty used
to treat rheumatic mitral stenosis has yielded excellent
success rates in patients with suitable valvular and sub-
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Figura 1.

Figura 2.

valvular morphology. However, clinically viable percutaneous treatments for mitral regurgitation have become available only recently.8-12
Newer approaches have progressed far beyond balloon
valvuloplasty to include catheter techniques for emulating surgical annuloplasty and edge-to-edge repair
of regurgitant mitral valves. These are still in early-stage clinical (or preclinical) testing, and the ultimate degree of clinical success and adoption is still unclear. Given the outstanding results of open valve repair, surgery has remain the criterion standard for most cases
of symptomatic valvular heart disease.3-5,13-21
In the near term, percutaneous valve intervention will
probably have two indications, as follows:
´ Severe disease deemed inoperable owing to comorbid disease
´ Early-stage regurgitant lesions if less-invasive valve repair may prevent progressive ventricular
enlargement.

the chordae tendineae, the papillary muscles, and the
left ventricular wall. Any congenital or acquired disorder of individual components of the mitral valve apparatus can disturb the finely coordinated mechanisms
of the mitral valve and result in an incompetent valve.
It is important to understand the anatomical and functional substrate underlying the development of MR.
The mitral valve is a complex anatomical structure and
its proper function strictly depends on the structural
and functional integrity of its individual components
(Figure 1). Abnormalities in one or more of its components can result in stenosis or regurgitant valvular dysfunction. The distinction between primary and secondary (functional) MR is important in order to understand the potential role of percutaneous device therapies for MR. In primary organic MR there is an abnormality of the mitral valve components itself while conversely, in secondary functional MR the mitral valve itself is usually unaffected. However, previous damage of
the left ventricle by coronary artery disease or by dilated cardiomyopathy can cause malcoaptation of anatomically normal mitral leaflets in the setting of geometric distortion of the left ventricle, with displacement of
papillary muscles and/or annular dilatation with subsequent MR. Functional MR has been associated with
an adverse prognosis among patients with dilated and
ischemic cardiomyopathy. While surgical intervention
is associated with improved symptoms of heart failure and reverse remodeling of the left ventricle, surgical
treatment of functional MR has not been shown to improve survival.8 Nowadays, mitral valve repair with reduction annuloplasty rather than replacement is favored for the treatment of functional MR. Lessons from
surgical experience showed that mitral valve repair can
effectively treat many but not all patients with functional MR. Potential factors that can predict the recurrence of MR after mitral repair include annular ring geometry, chordae tendineae repositioning, concomitant
reshaping of the LV during repair, and the need for a
ª completeº (D-shaped) annuloplasty ring rather than

Although definitive catheter-based therapies for valvular heart disease are clearly in their infancy, various
percutaneous approaches are now being evaluated
and used.8-12 The field is likely to develop rapidly over
the next several years, with refinement of the above
approaches and emergence of still newer technologies.
The landscape of clinical trials is also still under active discussion; if these percutaneous techniques are to
be considered as alternatives to traditional surgical methodologies in low-risk to medium-risk patients, they
must demonstrate hemodynamic effects, safety, and
durability comparable to those of the current highly
refined surgical techniques. Conversely, these percutaneous techniques may be best applied to patients at the
margins of current surgical indications.
The normal function of the mitral valve is complex
and differs from the other heart valves. It depends of
the appropriate function and integrity of the 6 components of the mitral valve apparatus, which include the
left atrial wall, the mitral annulus, the mitral leaflets,
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TABLE 1. Current Status of Percutaneous Mitral Valve Repair Procedures.
Approach
EdgetoEdge Leaflet Repair
Indirect Annuloplasty

Direct Annuloplasty

Ventricular Remodeling
Atrial/CS Remodeling

Device
MitraCLip
Mobius
Carilon
PTMA
Mitralife
Monarc
Mitralign
Accucinch
QuantumCor
iCoapsys
PS3
PMVR

Manufacturer
Evalve
Edwards Lifesciences
Cardiac Dimensions
Viacor
ev3
Edwards Lifesciences
Mitralign
Guided Delivery Systems
QuantumCor
Myocor
Ample Medical
St. Jude Medical

a ª partialº (C-shaped) ring.11 Until recently, available treatment options for functional MR were limited
to open surgical repair or replacement, an option that
is often challenged and associated with high operative
morbidity, disease recurrence, and increased mortality.3-5,8-12 The most common form of mitral valve repair
involves annuloplasty, the placement of a ring around
the mitral annulus to reduce the mitral valve orifice by
decreasing the distance between the septal and lateral
dimensions of the mitral valve therefore bringing the
leaﬂet edges closer together. Annuloplasty is used as an
adjunctive therapy in most forms of mitral valve repair
including functional MR. A less commonly utilized
surgical leaﬂet repair approach pioneered by Alﬁeri et
al. is the edge-to-edge repair that creates a double-oriﬁce mitral valve by suturing the free edges of the mitral leaﬂets together to form a double oriﬁce. Although the isolated use of this surgical technique has been
controversial because of the concomitant use of annuloplasty with most leaﬂet repairs, follow-up for as long
as 12 years in patients who have undergone isolated surgical edge-to-edge repair without annuloplasty has demonstrated durable clinical outcome with this surgical
technique.30-34 Over the past decade, potential percutaneous catheter-based treatment strategies for valvular heart disease have emerged as an attractive option.
Percutaneous therapis for MR try to emulate surgical
approaches that have been in use for many years.

PERCUTANEOUS TREATMENT OF MITRAL
VALVE REGURGITATION
In general, strategies for transcatheter treatment of
MR fall into 1 of 4 groups: 1. Leaflet coupling with
edge-to-edge repair which aim to simulate the Alfieri stitch procedure;30-34 2. Coronary sinus reshaping devices (Indirect annuloplasty);35-48 3. Annular plication
with posterior annulus reshaping (Direct annuloplasty);
and 4. Left ventricular remodeling devices (Table 1).

Percutaneous Edge-to Edge Repair
The Alfieri surgical technique to treat degenerative
and functional MR was introduced in the early 1990s

Status
Trial  EVEREST
FIH  not under active investigation
Trial  AMADEUS
Trial  PTOLEMY
FIH
Trial  EVOLUTION
Preclinical testing
Preclinical testing
Preclinical testing
FIH
FIH
Preclinical testing

by Dr. Alfieri and colleagues.31 Although initially
poorly accepted, the ª Alfieri stitchº or ª edge-to-edgeº
technique gained popularity.30-34 The technique consisted of suturing the free edges of the middle anterior
(A2) and posterior (P2) mitral leaflets and creating a
double orifice inlet valve. The technique was aimed to
improve leaflet coaptation and therefore decrease MR.
Long-term Results from this technique were reported
for both degenerative and functional MR with 5-year
freedom from recurrent MR more then 2+ and re-operation rates of as high as 90%.30-34 The development of
transcatheter mitral valve edge-to-edge repair techniques was based on the surgical technique. Two mitral valve percutaneous techniques and devices have
been developed30-34 to emulate the double orifice strategy using a catheter-based approach: The Evalve MitraClip (Evalve Inc., Menlo Park, California) and the
MOBIUS system (Edwards Lifesciences Corp., Irvine,
California).
The Evalve MitraClip (Figure 2) is a device that uses
a guide catheter that is placed using transseptal puncture, a delivery catheter, and an implantable 4-mm-wide cobalt-chromium implant clip with 2 arms covered
with polyester fabric (Figure 2). The device uses a triaxial catheter system to deliver its clip fixation device and create a double-orifice mitral valve. Following
the initial encouraging results in animal models, this
transcatheter technique had its first in human experience in 2003.31 During 2-year follow-up after MitraClip implantation, a 56 year-old woman with heart
failure and severe 4+ MR, remained asymptomatic
with less than 2+ MR.31-32 The safety and feasibility
of the MitraClip system was tested in the EVEREST
(Endovascular Valve Edge-to-Edge Repair Study) phase I and phase II studies.32-34 Results from the 107 patients (55 from EVEREST I; 52 from EVEREST
II) with either degenerative (79%) or functional MR
(21%) were encouraging. In an intent-to-treat basis,
implant success occurred in 90% of patients, in which
acute success (MR grade less or equal then 2+) was reported in 84% of the cases. Among these patients, improvement in NYHA functional class was reported in
73% at 1-year follow-up. Partial clip detachment occu-
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rred in 9% of the initial cohort and was the most important mechanical problem with the procedure. This
complication was often detected at the protocol-mandated 30-day echocardiogram. These partial detachments were generally not associated with symptoms
and most were treated either with surgery or second
clip placement. Midterm durability of the MitraClip
in the EVEREST study have been recently reported
and showed low rates of morbidity and mortality and
with acute MR reduction to less then or equal to 2+
in the majority of patients.34 The initial 107 patients
were analyzed. 9% had a major adverse event, including 1 nonprocedural related death. There were no clip
embolizations. Partial clip detachment occurred in 9%
patients. Overall, 74% of the patients achieved acute procedural success, and 64% were discharged with
MR of less then or equal to 1+. 30% of the patients underwent mitral valve surgery during the 3,2 years after MitraCLip implantations. When surgical mitral
valve repair was planned, 84% (21 of 25 patients) were
successful. Thus, surgical options were preserved. A
total of 66% of the successfully treated patients were
free from death, mitral valve surgery, or MR more or
equal to 2+ at 12 months, which was the primary efﬁcacy end point of the study. Freedom from death was
95.9%, 94.0%, and 90.1%, and freedom from surgery
was 88.5%, 83.2%, and 76.3% at 1, 2, and 3 years, respectively. Similar acute results and durability was observed among the 23 patients with functional MR enrolled in the study. A recently reported hemodynamic
substudy of the EVEREST study demonstrated that
successful MV repair with the MitraClip system resulted in an immediate and signiﬁcant improvement
in forward stroke volume, cardiac output, and left
ventricular loading conditions, without evidence of
a low cardiac output state following MitraClip treatment for MR, a complication occasionally observed after surgical mitral valve repair for severe MR (34). The
EVEREST II trial, a prospective, randomized, phase II, multi-center study between the US and Canada
comparing MitraClip with either surgical valve repair
or replacement in 279 patients randomized in a 2-to1 fashion. 12-month follow-up have shown that, despite being driven by a higher incidence of blood transfusions in the surgical group, safety endpoints were
reached in about 50% of surgery patients and 15% of
MitraClip patients, showing superiority of safety for
the percutaneous approach by intention to treat. The
1-year efﬁcacy endpoint of the combined incidence of
death, mitral valve surgery, or reoperation for mitral
valve dysfunction was more frequent in the surgery
patients and in than in the MitraClip patients, meeting the noninferiority hypothesis for efﬁcacy. Similar reductions in left ventricular volumes and dimensions, and improvements in New York Heart Association functional class were achieved in both groups after one year.

Figura 3. The Milano Stitch/Mobius device.

Careful evaluation and patient selection is critical for
success of the procedure. Patients with degenerative
or functional MR are candidates for the procedure. A
coaptation length of at least 2 mm is needed. With a
ﬂail mitral leaﬂet, a ﬂail gap less or equal to 10 mm or
a ﬂail width on short-axis estimation less than 15 mm
are required. The MR jet must arise from the central
two-thirds of the line of coaptation as seen on shortaxis color Doppler examination and the baseline mitral valve area should be more than 4 cm2 to avoid the
creation of mitral stenosis. Technically, the procedure is performed with general anesthesia, using ﬂuoroscopy and transesophageal echocardiography (TEE).
Transseptal access is used to place a guide catheter
into the left atrium. The Evalve MitraClip guide catheter is 24-Fr proximally and tapers to 22-Fr distally at the level of the atrial septum. It is inserted from
the femoral vein and advanced above the mitral valve
following a transseptal puncture. The steering knob
at the end of the guide allows flexion and lateral movement of the distal tip so that the clip is positioned
orthogonally over the three planes of the mitral valve
and the origin of the regurgitant jet. The delivery catheter passes coaxially through the guide, and has the
MitraClip attached to its distal end. The clip arms are
opened and closed by a knob on the delivery catheter handle. The opened span of the clip is approximately 2 cm and the width is 4 mm. Through the guide
catheter, the delivery system is maneuvered to center
the clip over the mitral oriﬁce, the clip is partially opened and passed across the leaﬂets into the left ventricle. The open clip is then pulled back to grasp the mitral leaﬂets and the clip is closed. The degree of MR is
assessed by TEE. If necessary, the clip can be reopened,
the mitral leaflets released, and the clip repositioned.
If needed, a second clip can be placed. Once optimal
reduction of MR is achieved the clip is released from
the delivery system and both the delivery system and
guide catheter are withdrawn. Repeat hemodynamic,
angiographic, and echocardiographic assessments are
routinely performed. Heparin is routinely used during
the procedure and administered to achieve an activated clotting time of 250 seconds or more. Aspirin 325
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mg and clopidogrel 75 mg daily are ordinarily recommended following the procedure for 6-months and 30
days respectively. Importantly, clip failure is well tolerated and does not preclude surgical mitral valve repair
or replacement.
Four year follow up results of the EVEREST II trial
showed that at 4 years, patients with mitral valve regurgitation who undergo repair with a novel percutaneous device experience mortality rates and mitral regurgitation (MR) levels comparable to those that accompany surgery, according to updated data from the
EVEREST II (Figure 3). While surgery continues
to hold an early advantage in MR and need for surgical reintervention, few differences between treatment
groups were apparent beyond 1 year. The EVEREST II
trial randomized 279 patients with moderately severe
or severe (grade 3+ or 4+) MR in a 2:1 ratio to percutaneous treatment with the MitraClip system (Abbott
Vascular; Santa Clara, CA; n = 184) or surgical repair
or replacement (n = 95).
At 1 year, rates of the primary efficacy endpoint, a
composite of freedom from death, surgery for mitral
valve dysfunction, and grade 3+ or 4+ MR, favored
surgery (73% vs. 55%; P = 0.007), with need for surgical intervention for mitral valve dysfunction tenfold
lower than in the percutaneous group (2% vs. 20%; P
< 0.01). However, the percutaneous approach was safer
(30-day MACE 15% vs. 48%; P < 0.001).
Although at 4 year follow up the composite efficacy
endpoint was numerically higher with surgery the difference was no longer significant (39.8% vs. 53.4%;
p= 0.070). Rates of mortality (17.4% vs. 17.8%; p=
0.914), and moderate-to-severe and severe MR (21.7%
vs. 24.7%; p= 0.745), were comparable between the
groups.38 However, the need for surgery for mitral valve dysfunction was almost 5 times greater after percutaneous therapy (24.8% vs 5.5%; p <0.001). In the percutaneous group, 5 patients underwent reintervention
with a second MitraClip within the first year. Implantation failed in 1 case, and a second, successful reintervention was performed between the first and fourth years. The majority of the surgeries required for residual regurgitation occurred within the first year after
implantation, with only 3 patients undergoing surgical repair after that time point. In the surgical group, 2
patients underwent reoperation over the first 12 months and 2 between years 1 and 4. The surgical group
experienced a greater reduction in MR at discharge
and throughout follow-up compared with the percutaneous group (20.6% vs. 9.1% at 4 years).38 Also at 4
years, the percutaneous and surgical arms showed similar improvements in left ventricular dimensions, except for a larger left ventricular internal diameter, diastolic, in the device group (5.25 ± 0.65 cm vs. 4.84 ±
0.67 cm; P < 0.001). Likewise, both groups experienced substantial declines in the proportion of patients
in NYHA class III or IV from baseline to 12 months
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(45.7% to 2% for the percutaneous group, 44.8% to
13.4% for the surgical group) that were mostly maintained at 4 years (5.7% and 6.3%, respectively). Similar to the 1-year results, analysis at 4 years showed interaction for age (< 70 vs. ≥ 70; P = 0.025) and the etiology of MR (functional vs. degenerative; P = 0.023)
with efficacy. In the subgroup with functional MR (n
= 66), rates of the composite efficacy endpoint were similar for percutaneous and surgical patients (34.1% vs.
22.7%; P = 0.344). Furthermore, among those with
3+ or 4+ regurgitation, functional MR was more prevalent in the surgical arm than the percutaneous arm.
In summary, EVEREST II at 4 Years shows that Surgery Maintains Early Advantage, But MitraClip is Durable. Thus, while the percutaneous approach remains
promising, ª the data don' t yet tell us that we have a device solution that is as good as the surgical solution and
therefore ª Surgery remains the standard therapy.º 38
The MOBIUS Leaflet Repair system (Edwards Lifescience Inc., Irvine, California), also called ª Milano
Stitchº (Figure 3), was introduced by Dr. Buchbinder
and colleagues as a similar catheter based edge-to-edge
technique. Contrary to the Evalve MitraClip, this strategy uses a small guiding catheter to stitch the free edges of the anterior and the posterior mitral leaflets thus
creating a double orifice inlet valve. An innovative suction catheter is utilized to bring the leaflets together
and facilitate stitch placement under fluoroscopic and
echocardiographic guidance. Following the successful
animal model experience, the first in-human case was
performed in Milan, Italy in a 67 year-old woman with
NYHC functional class III and severe (grade 4+) MR
secondary to a prolapsed posterior leaflet. Subsequently, the percutaneous ª Alfieri-like stitchº was tested in
a feasibility trial of 15 patients with either degenerative or functional MR. In this phase I study, acute procedure success occurred in 9 of 15 patients. Of these,
3 patients required a single stitch, 5 required two stitches, and one patient required three stitches. At 30 day
follow-up only 66% of the patients (6 of 9) had a successful stitch in place with at least one grade improvement in MR reduction. The acute failure patients (6 of
15) all underwent subsequent successful surgical repair. Unfortunately, the study' s intermediate result has
prompted the investigators to abandon further evaluation for this particular indication.

Percutaneous Annuloplasty Indirect Annuloplasty techniques
Annuloplasty is the mainstay of surgery in patients
with functional MR. Annular dilation due to dilation
of the left ventricle and geometric distortion of the mitral apparatus is the mechanism of MR in this group
of patients. Surgical mitral annuloplasty typically involves a complete ring to reshape the entire mitral annulus. Partial annuloplasty is believed to be ineffective. Percutaneous annuloplasty approaches can be ei-
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Figura 4. Years Follow-Up of the EVEREST II Trial.
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ther direct or indirect. Indirect approaches use the coronary sinus as a route to deliver a device to partially
wrap the mitral annulus parallel to the posterior mitral valve leaflet and create tension that is transmitted
to the mitral annulus. The rational being that any conformation change of the coronary sinus may be used
advantageously to reduce the septal-lateral annular dimensions and improve MR severity. Indirect annuloplasty approaches include the Cardiac Dimensions
Carillon system (Cardiac Dimensions, Kirkland, Washington), the Edwards Monarc system (Edwards Lifesciences, Irvine, California), the Mitralife/ev3 device,
and the Viacor PTMA system (Viacor, Wilmington,
Massachusetts). Direct annuloplasty approaches involve direct implantation of a device into the mitral annulus which more closely mimics surgical anuloplasty. Direct annuloplasty devices include the Mitralign
system (Mitralign, Tewksbury, Massachusetts) and the
Guided Delivery Systems device (Guided Delivery Systems, Santa Clara, California).
The Cardiac Dimensions Carillon device (Cardiac
Dimensions, Kirkland, Washington) (Figure 4) system combines an implantable device and delivery system. The device consists of two anchors connected by
a nitinol bridge. Via jugular access under fluoroscopic guidance, a 9-F guide catheter is delivered into the
distal coronary sinus. A distal anchor is placed distally in the great cardiac vein and a proximal anchor is
placed proximally near the ostium of the coronary sinus. Once the distal anchor is deployed into the great
cardiac vein, tension is applied to the system resulting in immediate decrease in the diameter of the mitral annulus, by moving the posterior leaflet more anteriorly. Then, the proximal anchor is released. Simultaneous TEE allows for direct visualization of MR improvement. The Carillon Mitral Contour System is
simple quick and easy to use. It is adjustable and can
apply varying degrees of tension to system. It is compatible, as it fits contours of various anatomies allowing
for optimal and safe delivery to occur. A major advantage of this device is that it is retrievable if positioning
is not optimal. Its intuitive delivery system comes in sizes of 60 mm in length with a 7-14 mm distal anchor
height and 12-20 mm proximal anchor height (1.5±2.0
Ratios). The issue with the first generation of the device in which there was a difficulty in anchoring was corrected with improvements in engineering (CarillonTM
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Figura 5. Amadeus trial results.

XE). Initial experiments in animals showed that placement of the Carillon system in 6 dogs dilated cardiomyopathy resulted in both a mean decrease in mitral
annulus diameter from 2.7 ± 0.2 cm to 2.3 ± 0.1 cm
(p<0.05), and a mean decrease in MR/left atrial area
ratio from 16±4 to 4±1 (p=0.052).38 The first in-human implantation of the Carillon device was performed by Dr. Schofer in Hamburg, Germany. Recently, the AMADEUS trial (cArillon Mitral Annuloplasty Device European Union Study), a prospective single arm multicenter safety and efficacy trial of the Carillon system, was reported. The primary endpoint of
the study was safety of deployment and implantation
of the device in the coronary sinus and the great cardiac vein. The secondary endpoint included long-term
safety and effect of the device on hemodynamic parameters and subject function. The study enrolled 48 patients with follow-up at 1-, 3- and 6-month intervals.
Candidate patients with CHF, MR (³ 2+) and decrease left ventricular systolic function (EF < 40%) for the
trial underwent a standardized 6 minute walking test,
a TEE, a treadmill test, and a multi-slice CT scan to
determine the anatomical relationship between the coronary sinus, the mitral annulus ring, and the left circumflex coronary artery. Angiographic examination of
the coronary sinus and the coronary arteries were acquired prior to device implantation. The study initially enrolled 4 patients with between July of 2005 and
March of 2006, showed successful permanent device
implantation in only one patient. This patient had successful reductions in MR severity and improvement in
functional status that persisted at 6 months follow-up.
In the remaining three patients, the device moved as
the distal anchor was unable to consistently maintain
its shape during device tensioning prior to final deployment. Nevertheless, the devices were recaptured and
removed safely. Successful implantation occurred in
70% of the patients, and resulted in improved functio-
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Figura 7. The Viacor PTMA system.
Figura 6. Monarc device.

nal class and MR severity of at least 1+ in 80% of the
cases. Those who benefited most had evidence of congestive heart failure and ≥ 2+ centric MR secondary to
mitral annulus dilatation. Acute MR reduction (grade 3.0 +/- 0.6 to 2.0 +/- 0.8, p <0.0001) and permanent implantation were achieved in 30 of 43 patients
in whom an attempt was made. Additional measurements in 20 patients with implants showed reductions
in the vena contracta (0.69 +/- 0.29 to 0.46 +/- 0.26
cm, p <0.0001), effective regurgitant orifice area (0.33
+/- 0.17 to 0.19 +/- 0.08 cm2 , p <0.0001), regurgitant
volume (40 +/- 20 to 24 +/- 11 ml, p = 0.0005), and
jet area/left atrial area (45 +/- 13% to 32 +/- 12%, p
<0.0001) (Figure 5). The coronary arteries were crossed in 36 patients (84%) (Figure 5). One major limitations of this device is the potential obstruction of left
circumflex coronary artery flow during device deployment. In 84% of the patients, the device crossed the
left circumflex coronary artery, in which compromise of blood flow occurred in 14%, in whom the device
was immediately retrieved. Overall, the AMADEUS
study achieved its safety endpoint with an acceptable
adverse event profi le. MR was reduced by 27% out to 6
months and the patients had significant improvements
in functional parameters out to 6 months.40
The Edwards Monarc system (Edwards Lifesciences,
Irvine, California) is percutaneously implanted in the
coronary sinus after cannulation with a guide catheter. The device is designed to improve MR severity over
an estimated 3 to 6 week period remodelling the mitral annulus by implanting a bioabsorbable spring-like
ª bridgeº that is connected between two self-expanding
proximal and distal nitinol stents (Figure 6). The procedure is performed in under local anesthesia via 12 Fr
right transjugular approach. The stent anchors provide force that brings the proximal coronary sinus and
distal great cardiac vein together while the interconnecting bridge tenses and foreshortens over time. The
conformational changes invoked over the posterior annular segment presumably shorten of the septal-lateral
dimensions to reduce MR severity. The first human experience with the Monarc system was reported by Dr.
Webb et al. in 2006 and included 5 patients with chronic severe ischemic MR.31 Implantation was successful
in 4 of the 5 patients, and resulted in mean decrease

in MR grade from 3+ to 1+. Loss of efficacy was later
seen in 3 of the patients due to asymptomatic separation and fracture of the bridging segment. Following
device modification and reinforcement of the bridging
segment the EVOLUTION phase I study was conducted. In this study, successful implantation was achieved in 59 of the 72 patients (82%) with functional MR
and heart failure. Freedom from death, MI, and cardiac tamponade at 30 days was 91%. Left circumflex
coronary artery compression occurred in 30% of patients. Major adverse events at 18-months included 1
death, 3 myocardial infarctions, 2 coronary sinus perforations, 1 anchor displacement, and 4 anchor separations. This study showed that the Monarc system was
feasible to implant, and although efficacy data is encouraging, coronary compression and anchor separations remain important concerns and limitations. The
effect of the Edwards Monarc device can not be assessed at the time of placement therefore there is no indication regarding the efficacy outcome until the spring
has shortened several weeks later to predict the outcome of MR reduction until weeks have passed. The
EVOLUTION II (Clinical Evaluation of the Edwards
Lifesciences Percutaneous Mitral Annuloplasty System for the Treatment of Mitral Regurgitation) trial
study of the Monarc device has been stopped by the
sponsor due to slow enrollment.
The Viacor Percutaneous Transvenous Mitral Annuloplasty (PTMA) system (Figure 7) consists of a polytetrafluoroethylene catheter in which different stiffness
rods are introduced into the distal part of the coronary
sinus via subclavian or jugular venous puncture. A trilumen plastic cannula is delivered into the coronary sinus and nitinol rods are passed through the lumens of
the catheter to apply pressure to the the posterior annulus in the central part of the posterior mitral valve
leaflet (P2) and compress the septolateral dimension.
Following the identification of the optimal amount
of compression of the posterior annulus to result in a
reduction in MR, permanent implantation is performed. The device can be retrieved in cases of absence of
reduction in MR or left coronary circumflex cinching.
Preliminary studies in sheep models were highly encouraging and resulted in decrease MR severity from
+3-4 to +0-1 (P < 0.03), and associated with significant reductions in septal-lateral mitral annular dimen-
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sions (from 30±-2.1mm to 24 ±1.7mm; P < 0.03).42The first in-human feasibility and safety study was
reported in 2007 and included 4 patients with ischemic MR and NYHA class II or III, MR ≥ 2+, type I
and/or IIIB Carpentier' s MR functional class requiring surgical mitral annuloplasty and showed continued reduction of the mitral orifice for as long as 1
year after initial implantation. In this study the device
was temporally implanted, adjusted and subsequently
removed. The authors report substantial reductions in
regurgitant volumes (45.5 +/- 24.4 to 13.3 +/- 7.3 ml)
due to the mechanically induced anterior-posterior
diameter reduction (40.75 +/- 4.3 to 35.2 +/- 1.6 mm)
in 3 patients. In one patient, the device could not be
deployed due to extreme angulated anatomy. Recently,
the Canadian and European phase I PTOLEMY (Percutaneous Transvenous Mitral Annuloplasty) trial has
been reported. This study included 27 patients with
NYHA functional class II or III, and moderate to severe functional MR.41-45 Successful implantation was
performed in 19 of the 27 patients. The remainders
were excluded due to unsuitable coronary sinus anatomy. Of those who underwent successful implantation 13 had a reduction in MR severity and in 6 the device was ineffective. Device removal was required in 4
patients due to fracture or device migration or diminished efficacy. Long-term success in MR reduction was
seen in only 18.5% of the patients. An attractive feature of this device is the ability to re-access the venous
access at a later date to remove rods if the reduction
of MR is diminished. In that case, stiffer rods may be
used to replace the initial implanted rods. The phase II
PTOLEMY trial has been presented and showed 2.8%
30-day cardiac event rates and > 90% procedural success. Unfortunately, the company has stopped further
development and manufacturing of the device.
Despite the attractive and easy of use and effectiveness
of the coronary sinus devices approach, they all have limitations. Metal fatigue and the risk of device fracture due to mechanical stress in the coronary sinus created by torsional forces on these devices is an important
issue. Re-engineering of all of these devices has improved outcomes. A second limitation common to this
class of devices is the potential for compression of the
left circumflex coronary artery. Cardiac computed tomography to assess the relationship of the coronary sinus and the coronary arteries before device implantation is an important step in the evaluation of these patients before annular device implantation.
The MitraLife device (ev3/Edwards Lifescience, Irvine,
California) represents one of the first annuloplasty device tested in human. It consists of a percutaneous delivery system that is preloaded with the Mitralife device and is permanently implanted in the coronary sinus
via internal jugular approach. The device is designed to
reduce mitral annular size, and restore valve leaflet closure. Durability and feasibility results in canine ani46

mal models have been thus far promising, and associated with significant reduction in MR. Up to date only
a handful of human temporary placements have occurred outside the Unites States. Initial reports of the MitraLife device have been presented. They An experience
of 7 patients (5 males and 2 females), age 22 to 66 years
with functional MR. All patients had severe MR and
NYHC III & IV and the mean ejection fraction was
27%.40-41 Significant reductions in mitral annulus and
MR were described, however clinical trial is pending.

Direct Annuloplasty techniques
The Mitralign system (Mitralign, Tewksbury, Massachusetts) involves placement of the guide catheter
under the middle scallop of the posterior mitral leaflet. The device consists of a deflectable catheter that
is manipulated and advanced in a retrograde fashion
across the aortic valve through a 14-Fr femoral sheath into the subvalvular mitral valve space. A steerable
catheter with a deflectable two-arm (bident) catheter
end is delivered via 12.5-Fr guide catheter between the
papillary muscles facing the posterior mitral annulus.
Once properly aligned, anchor pledgets are delivered
from the left ventricle to the left atrium across the circumferencial mitral valve annulus and pulled together
with a guidewire to decrease the annulus septal-lateral
dimension. The feasibility and durability of this technique has been confirmed in early animal studies whereby significant reductions in MR were demonstrated. Currently, the technique is being tested in a safety
and feasibility phase I clinical study, however preliminary results have yet to be released and clinical outcome data are expected in the future.
The Accucinch device (Guided Delivery Systems, Santa Clara, California) is another promising strategy. A
small adjustable ring of anchors interlinked with a cable is implanted percutaneously into the muscle below
the mitral valve. The ª cinchingº effect improves the
ability of the mitral valve to close properly and reduces
the mitral regurgitation. After access to the annulus, a
series of as many as 12 nitinol anchors are placed in the
mitral annulus. These are connected with a cord that
is tensioned to draw the anchors together. This device
has been implanted surgically, and first-in-human experience has demonstrated the technical feasibility of
percutaneous use. The Accucinch system has been successfully tested during open-heart surgery in two patients with 2+ MR and coronary arterial disease undergoing routine coronary artery bypass grafting. The
surgically implanted device resulted in sustained and
successful reductions in MR severity at 6 and 12-month follow-up. The first in-human percutaneous implantation of the Accucinch system for mitral valve repair
was reported in 2009. The procedure was performed
by Dr. Schofer in Hamburg, Germany and the Accucinch system significantly reduced the patient' s mitral
regurgitation.

Percutaneous treatment of mitral valve regurgitation
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Figura 8. QuantumCor

Figura 9. PS3

Figura 10. Coapsys device

Although arterial access as the delivery route adds
morbidity to the procedure in comparison with a the
simplicity and ease of use of the transvenous coronary
sinus approach, direct annuloplasty has the advantage of avoiding coronary compression and the potential
for greater efficacy in reduction of MR through the direct approach is highly attractive. Direct annuloplasty technologies are in early development, and more human experience is expected.
The QuantumCor system (QuantumCor Inc., Lake Forest, California) (Figure 8) represents a unique and different concept that has yet to be tested in humans. This
technology is based on thermal remodeling of collagen
(TRC), which uses the high collagen content of the mitral valve annulus in which high frequency energy is delivered through an electrode to denature collagen fibers
causing them to shrink and consequently remodeling
the annulus. The end-loop catheter electrode system device is positioned on the dilated valve annulus where a
precise subablative radiofrequency energy protocol is delivered. This releases the hydrogen bonds in the collagen
fibers of the mitral annulus causing them to shrink. The
posterior annulus is treated in four quadrants from trigone to trigone achieving segmental shrinkage in each
quadrant. Segmental shrinkage in all four quadrants results in a remodeling of the valve annulus, a reduction of
the antero-posterior dimension of the valve, and improved coaptation of the valve leaflets. When the procedure
is complete, the catheter device is removed and no hardware is left in the heart or vascular system. The technique has been tested in acute and chronic sheep models
where up to 20% reductions in septal-lateral annular dimensions have been reported.48 Histopathological examination has shown no evidence of undesirable injury
among the vicinity of related structures.

Remodeling of the Left Ventricular/Left Atrial
Mitral Valvular Complex
This group of transcatheter devices is currently being developed to improve the paravalvular geometric distortion
that is encountered in patients with functional MR.
The Percutaneous Septal Sinus Shortening system,
also known as PS3 (Ample Medical, Inc.) (Figure 9)
is a transcatheter atrial/mitral annulus remodeling
device that integrates several concepts and consists of
an atrial septal occluder, an interconnecting cinching
wire, and a permanent small coronary sinus T-bar element that is positioned behind P2. The interatrial occluder serves as a pivotal anchor and allows cinching
to occur from the posterior annulus to the superior
medial interatrial septum. The concept was developed based on previous animal studies that showed increase in posterior wall to interatrial septum dimensions in functional MR. The initial experience with
the PS3 device was first reported in 23 sheep with dilated cardiomyopathy and functional MR. Immediate and mid-term results at 30 days revealed important reductions in septal to lateral dimensions and
MR severity .49-50 Coronary arterial impingement
was not observed, and the great cardiac vein was patent in all animals during follow-up histopathological examination. Significant hemodynamic improvements and a drop in brain natriuretic peptide levels
were observed. The feasibility and safety of this technique was first confirmed in two patients undergoing
temporary implantation of the PS3 system before mitral valve repair surgery.50 In the first patient, the PS3
resulted in a relative change of 29% in septal-lateral dimension and was associated with a 1+ decrease in MR severity. The MR severity in the second patient decreased from +3 to +1 following a 31% relative change in septal-lateral dimension. No procedural complications were reported. The ongoing CAFÉ
trial is a phase I safety and feasibility study of longterm PS3 implant in humans with heart failure and
severe functional MR.
The iCoapsys (Myocor Inc, Maple Grove, Minnesota) left ventricular reshaping device was until recently a
promising alternative percutaneous strategy developed
to treat functional MR (Figure 10). Although no lon-
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ger in use, the strategy represents an important concept.
The iCoapsys transventricular system consists of an anterior and posterior epicardial pad tethered together by
a subvalvular transventricular chord that travels through the left ventricule and between the papillary muscles. After its implantation via subxyphoid pericardial
approach, the chord length can be reduced and adjusted
to establish optimal septal-lateral LV and annular dimensions. Conformational changes are intended to reorient the papillary muscles and reduce LV geometric distortion, resulting in decrease in regurgitant orifice and
MR severity. Promising results were reported from the
early animal experience.50 Unfortunately, the VIVID
(Valvular and Ventricular Improvement Via iCoapsys
Delivery) feasibility study in humans was prematurely
discontinued due to the technical difficulties during device implantation and suboptimal patient applicability.

Perivalvular Prosthetic Mitral Regurgitation
Percutaneous repair of perivalvular prosthetic mitral regurgitation has evolved to become yet another important and attractive alternative to surgical correction.
Paravalvular mitral regurgitation is a dreadful complication seen in up to 7% of patients following prosthetic heart valve surgery.52-58 In this group of patients, redo-operations are commonly associated with increased
procedural mortality. More recently, percutaneous endovascular devices have been experienced with promising results.52-58 The Amplatzer Vascular Plug, the Septal
Occluder and Duct occluder (AGA Medical Inc. Golden Valley, Minnesota) are used to seal the paravalvular regurgitation. The Amplatzer Duct Occluder represents the most commonly used device. Implantation of
two or more devices may be necessary. In our experience, simultaneous 3D TEE imaging should be encouraged for all cases, as it provides optimal information during device implantation (Figure 11).

SUMMARY AND FUTURE DIRECTIONS
Percutaneous approaches to MR remain largely investigational. However, over the last decade novel

Figura 11. Paravalvular leak 3D echo

percutaneous strategies for the treatment of valvular
heart disease have opened new options in the treatment of valvular heart disease. Animal and early human studies indicate that many of these techniques
are safe and feasible. Several important clinical studies are currently underway and will more likely determine the benefits of transcatheter mitral valve repair therapy. It is apparent that given the complexity of the mitral valve apparatus and its subvalvular
structure, that a single device to treat all forms of mitral regurgitation is unlikely to be effective in every
patient. However, the encouraging results of the MitraClip suggests that this technique may eventually
play an important role in the treatment of organic
MR. Contrarily, the role for isolated coronary sinus
devices remains uncertain. The role of transcatheter
left ventricular remodeling devices to treat functional MR is currently at the beginning of its development. Transcatheter chordal procedures are currently under development, including chordal cutting and
chordal implantatation.59-60 Finally, transcatheter
valve implantation in the mitral position might offer
a very desirable alternative in selected patients and
has been accomplished in a compassionate fashion in
rare occasions in patients not candidates for surgical
valve repair or replacement.
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